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Anotacija

Promocijas darba ir apkopoti mehanisko un termofizikalo ipasibu kompleksa pétijuma
rezultati epoksida bazes nanokompozitmaterialiem, kas ir izklastiti zinatnisko rakstu kopas
veida.

Poliméri un kompoziti parasti ir paklauti aréjo faktoru (temperatira, mitrums, mehaniskas
slodze utt.) ietekmei, kas izraisa laika atkarigo struktiiras un ipasibu mainu, fizikalo un kimisko
parvértibu dél. Tadgjadi, paredzot, kompozitmaterialu mehaniskas un termofizikalas ipasibas, ir
janem véra pétijuma rezultati par poliméra sveku struktiiras un ipasibu atkaribu no laika, ar&jo
faktoru iedarbiba.

Darba mérkis ir noteikt mitruma absorbcijas ipatnibas un noveértét absorb&ta mitruma
ietekmi  uz  mehaniskajam  un  termofizikalajam  ipaSibam  epoksida  bazes
nanokompozitmaterialiem.

Saja noliika vispirms eksperimentali ir pétita epoksida saistvielu un to bazes kompozitu
mitruma absorbcijas kinétika plasa mitruma intervala. Mitruma absorbcijas kingtikas
raksturosanai ir veikta zinamo sorbcijas modelu salidzinosa analize un analiz&tas to atbilstibas
patnibas. Piedavats modelis, kas nem véra starpfazes ietekmi, pamatojoties uz rezultatiem, kas
iegliti nanokompozita lidzsvara mitruma daudzumam. Piepemts, ka $1 slana blivums ir zemaks
neka poliméra blivums sakara ar savstarp&jas sasaistes atSkiribu. Pieradits, ka pildvielas
daudzuma un, sekojo$i, starpfazes palielinasanas nosaka lielaku mitruma absorbciju
kompozitmaterialos.

Epoksidsveku relativi augsta mitruma absorbcija izraisa to strukttras un ipasibu izmainas
laika, kas noved pie kompozitu elastibas ipasibu pasliktinasanas. Kompozitmaterialu elastibas
raksturlielumi ir eksperimentali pétiti, ka arT aprakstiti, izmantojot mikromehaniskos modelus.
Pieradits, ka kompozitmaterialos poliméru sveku elastibas modulis ir atkarigs no pildvielas
satura un samazinas, pieaugot mitruma daudzumam. Ir sniegta pildvielas dalinu morfologisko
ipatnibu (slanveida strukttira un starpfazes veidoSanas) ieveéroSsana kompozitmateriala, un to
ietekme uz kompozita elastibas raksturlielumiem.

Epoksida sveku un epoksida sveku-nanomala kompozita viskoelastiga uzvediba ir analizéta
péc ilgtermina mitruma ietekmes. Termomehaniskas analizesS pielietosana lauj noteikt pamata
likumsakaribas nanokompozita stikloSanas temperatirai ar dazadu pildvielas saturu un pie
dazadiem mitruma daudzumiem. Eksperimentali ieghitas nanokompozita Sliides un atslodzes
liknu saimes pie dazadam pildvielas un mitruma satura vértibam ir aproksimé&tas, izmantojot
Bolcmana-Volterra linearo integralo vienadojumu, nemot véra mitruma-laika analogijas
principu. Pieradits, ka mitruma-laika redukcijas funkcija korelé ar nanokompozita paraugu
piespiestas eclastibas robezas un tilpuma izmainam pie mitrinasanas, kas norada uz
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nanokompozitmaterialu deformacijas viskoelastigo raksturu, ko apstiprina termomehaniskas
analizes rezultati.

Promocijas darba galvenie rezultati ir public&ti 6 zinatniskajos rakstos [P] un 3 konferences
krajumos [C], ka ar ir apspriesti 12 starptautiskas konferencgés.

Pétijumi ir veikti Latvijas Universitates Poliméru mehanikas institiata 2003.-2010. gadu

perioda.
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1. Ievads, darba meérkis, un uzdevumi

Atzits, ka visas cilvEces attistibas ve€sture ir saistita ar dazadu veidu kompozitmaterialu
(KM) izgudrosanu, kas kluva par tehnikas un civilizacijas attistibas stimulu. Pirmie kiegeli un
keramika, kas ir paradijusies apm. 5000 gadu pirms misu &ras, tika pastiprinati ar akmeniem vai
salmiem. Senie podnieki savos produktos regul&ja pat porainibu. Pirma gadu tikstoSa sakuma
romiesi izgudroja betonu, kas liela méra ietekméja biivniecibas un civilizacijas attistibu.

Paslaik ir novérojama strauja zinatnes un tehnikas attistiba. Sai miisdienu tehnikas attistibai
ir nepiecieSami jauni materiali ar uzlabotam ipasibam. Proti, ir vajadzigi materiali ar augstu
ilgizturibu, cietibu, izturibu pret siltumu, koroziju utt., ka arT So pasibu kombinacijas. Galvenas
poliméru kompozitu priekSrocibas, salidzinot ar tradicionalajiem materialu veidiem (metaliem,
keramiku, koksni u.c.), ir unikala Tpasibu (izturibas, deformacijas, trieciena, elastibas, reologisko,
adhézijas, elektrisko, berzes, termofizikalo u.c.) kombinacija, ka ari iesp&ja kontrolét materiala
pasibas, mainot sastavu un razoSanas apstak]us.

Epoksidsveku mitruma absorbcija noved pie to laika atkarigas struktiiras izmainam un,
sekojosi, pie to ipasibu pasliktinasanas. Lai samazinatu $o negativo mitruma ietekmi uz poliméru
kompozitu funkcionalam, struktiiras un mehaniskajam ipasibam, zinatné un rtpnieciba liela
uzmaniba ir pievérsta poliméra-slanaina silikata nanokompozitmaterialiem (NK). Poliméra NK
ietver dazada veida saistvielas (termoplastus, reaktoplastus vai elastomérus), pilditas ar nelielu
daudzumu (mazak neka 6% péc masas) nano-izméra (mazak neka 100 nm vismaz viena
dimensija) dalipam. Viena no vispievilcigakajam un noderigakajam ipasibam, kas nav pilniba
izpétita Iidz Sim bridim, ir materialu lieliska barjeras sp&ja ar ievérojami samazinatu mitruma un
gazu caurlaidibu. ST nosacijuma izpildei ir nepieciesams, lai silikatu plaksnites ar lielu malu
(garuma pret biezumu) attiecibu tiktu sadalitas individualas dalinas un tad homogeni novietotas
poliméru saistviela [1]. Pilniga mala nanodalinu dispersitate poliméra optimizé iesp&jamo
pastiprinoSo elementu skaitu slodzes izturéSanai un plaisu novirziSanai. Mala milzigas ipatngjas
virsmas (S ~ 800 m%/g) un poliméra saistvielas sasaiste veicina sprieguma parnesi pastiprinajuma
fazei, rezultata novedot pie stipribas un cietibas uzlabojumiem [2].

Viena no spilgtakajam silikata nanopildvielam ir montmorillonits (MMT). Tas pieder pie
mineralvielu filosilikatu (phyllosilicate) grupas, kas parasti veido mikroskopiskus kristalus.
MMT, smektitu gimenes elements ir 2:1 mals, kas nozimé, ka to strukttru veido 2 Cetrskaldnu
slani ar iesprausto starp tiem centralo astonskaldnu slani. Dalinam ir apala plakspu forma ar
vidgjo biezumu viens nanometrs un diametru aptuveni viens mikrometrs. Pateicoties MMT
nanodalinu, ar augstu garuma pret biezumu attiecibu (turpmak malu attiecibu), sadaliSanai

poliméru saistviela, ieghta sistéma var efektivi darboties ka kompozits ar anizotropam ipasibam
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nanolimeni. NK pievilcigie raksturlielumi noder dazados ripnieciskos pielietojumos: automobilu
ripnieciba (gazes tvertnes, bamperi, ick$€jie un argjie paneli), biivnieciba (€kas dalas un
celtniecibas paneli), aviacijas ripnieciba (liesmas paléninataja paneli un augstas veiktspgjas
komponenti), elektribas un elektronikas pielietojumos (elektriskie komponenti un iespiedshému
plates), partikas iepakojumu (taras un iesainojuma pléves) razoSana [3, 4]. Poliméru KM
razo$ana un to ipasSibu izp&te pieder pie materialzinatnes nozares. Ta ir viena no prioritarajam
zinatnes nozarém Latvija ("Inovacijas materiali un tehnologijas (nanostrukturétie
daudzfunkcionalie materiali un nanotehnologijas)") un pasaulg.

Plasi izmantotie kompozita saistvielas epoksida sveki ir loti pievilcigi, nemot véra to
augsto izturibu un stingribu, augsto siltuma pretestiba, zemo gaistamibu, Sladi un rukumu, labu
adh&ziju ar metalu un keramiku. Tomér epoksida sveku liels tritkums ir mitruma absorbcija, kas
pasliktina kompozitu funkcionalas, struktiiras un mehaniskas ipasibas [5-7].

Ir svarigi izpétit NK mehaniskas, termiskas un barjeras 1pasibas un novertét to noturibu
pret vides faktoru iedarbibu. Poliméra NK uzlabota noturiba varétu paplasinat to pielieto$anas
iesp€jas tehnika un blvnieciba.

Polimé&ru strukttiras un Ipasibu izmainas laika, ar&jo faktoru (temperatiira, mitrums, slodze,
u.c.) iedarbiba, fizikalo un kimisko parveértibu dél, izraisa izmainas KM struktiira un ipasibas.
Lai prognozetu cik liela méra izmainas KM struktiira un pasibas, ir jaizmanto p&tijumu rezultati
poliméru struktiirai un Tpasibam, kas, savukart, ir atkarigi no laika.

Parasti poliméru sveku KM ir nehomogéna struktiira, veidojot starpfazi ar noteiktu robezu
netalu no pildvielas dalipam. Starpfazes blivums var bt lielaks vai mazaks par poliméra
blivumu, saSG$anas un porainibas pakapes atSkiribas dél. Tadgjadi, pildvielas dalinu
morfologiskas ipatnibas (slanveida struktiira un starpfazes veidoSanas tuvu dalinas robezai) var
ietekmét kompozita Tpasibas: elastibas un stipribas paSibas, mitruma absorbcijas kinétiku,
izplesanas un sabrukuma raksturu.

ST darba mérkis ir noteikt epoksida sveku un epoksidsveku-mala NK mitruma absorbcijas
patnibas un novertét absorbéta mitruma ietekmi uz NK mehaniskajam un termofizikalajam
Ipasibam.

Sim noliikam ir noteikti sekojosi darba uzdevumi:

1. Noskaidrot eksperimentalas likumsakaribas un modelét epoksida saistvielu un

epoksida-mala NK mitruma absorbcijas kinétiku plasa mitruma diapazona;

2. Noteikt mitruma ietekmi uz epoksida-mala NK un ta sastavdalu deformgjamibu,

aprakstit NK mehaniskas Tpasibas ar analitiskajiem modeliem, nemot véra pildvielas dalinu

morfologiskas ipatnibas, ka arT novértét mitruma ietekmi uz NK deformgjamibu, ieklaujot

NK sastava silikata nanodalinas;



3. Prognozét ilgtermina Sladi p&tamajiem materialiem, izmantojot mitruma-laika
analogijas metodi, novertét retardacijas laika spektra un redukcijas funkcijas izmainas
poliméram, ieklaujot sastava silikata nanodalinas;

4. Noteikt termofizikalo un mehanisko Ipasibu sasaisti epoksida-mala NK, tam
absorb&jot mitrumu, ar izmainam struktira deforméSanas procesa pie dazadam slodzes un

temperatiiras eksperimentalajam shémam.



2. Parskats par paSreizéjam zinatniskajam atzinam epoksida saistvielu un
epoksida bazes-nanomala kompozitu mehanisko un termofizikalo 1pasibu
izpéte

Poliméru kompozitmateriali ir biezi paklauti mitruma ietekmei. Udens molekulas, ka ar1
zemmolekularas vielas, sp&j parvietoties poliméra saistviela un mainit tas fizikalas ipasibas.
Galvenie parametri, kas nosaka mitruma absorbcijas mehanismu, ir poliméru kimiskais sastavs
un mikrostruktura.

Epoksida sveku un to bazes kompozitu mitruma absorbcija ir pietiekami labi izpéctita.
Piedavati dazadi modeli Gidens sorbcijas kinétikas aprakstisanai [8-10]. Pienemts, ka epoksida
sveku mitruma absorbcija notiek diftizijas dél, saskana ar Fika (Fick) likumu [8, 11]. Sis
modelis, kur§ ir labi piemérots mitruma sorbcijai sakotngja posma, biezi vien ir neatbilstoss
mitruma sorbcijas procesa aprakstiSanai kopuma. Mitruma absorbcija var aktivizét dazadus
procesus materialos (kimiskas reakcijas, zemmolekularo sastavdalu izskalo$anas u.c.), Kas,
savukart, ietekm& mitruma absorbcijas kinétiku. Tadgjadi, katram p&tamajam materialam, ir
nepiecieSams noveértét dazadu mitruma parneses modelu pielietojamibu, ka ari noteikt
vispiem&rotako modeli tidens sorbcijas eksperimentalo datu aprakstisanai.

Absorbéta mitruma ietekmes samazinasanai uz poliméru kompozitu funkcionalam,
strukt@iras un mehaniskajam ipasibam zinatn€ un ripnieciba liela uzmaniba ir pievérsta poliméra-
slanaina silikata NK. Tas saistits ar §o materialu izcilajam ipasibam un jaunam pielietosanas
iespg&jam [12-14].

Pateicoties augstai dimensionalai anizotropijai un Tpatn&jai virsmai, Silikata slani darbojas
ka efektivas barjeras pret mitruma parnesi cauri materialam un izraisa molekulu trajektorijas
garuma palielinasanos, difund&jot poliméram cauri. Ta ka tdens absorbcijas dé] samazinas
hidrofilo poliméru elastibas raksturlielumi, nanodalinu ieklausana Gdens absorbcijas negativas
letekmes samazinasanai ir T1pasi noderiga [6, 15-16]. Savukart, mitruma absorbcijas
samazinasanas lauj parvarét ieks$€jos bojajumus un noved pie NK uzlabotas ilgtermina
uzvedibas.

Lai gan literatira ir daudz datu par poliméra-silikatu NK sintézes metodém,
eksperimentiem un raksturojumiem, fundamentalie mehanismi nav pilniba skaidri, tie ir
nepietiekami apspriesti [17]. Tadel, NK atrakai attistibai un pielietoSanai, Ir nepiecieSamas to
labaka izpratnes un prognozésanas iespgjas.

Jauzsver, ka divu komponensu kompozitu efektivas pasibas ir plasi izpétitas, ir izstradati

un pielietoti dazadi mikromehanikas modeli [18-25]. ST veida modelu pamata ir elastigs
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risinajums bezgaligai saistvielai ar vienu pildvielas dalinu. Tomér daudzi autori ieteica ievérot ne
tikai divu pamatfazu, bet arT to starpfazes ipasibas [20, 21].

Poliméra-mala NK struktiiras hierarhiju var iedalit vismaz divos stavoklos: 1) pilnigas
eksfoliacijas stavoklis mala plaksnitém ar raksturigiem parametriem — apalo plak$nu biezumu un
diametru; un 2) nepilnigas eksfoliacijas stavoklis mala plaksnitém ar raksturigiem parametriem —
interkalétu (iestarpinatu) slanu kopas biezumu un izmé&riem plakné [25]. Anizotropisko dalinu
malu attieciba un orientacija nosaka to pastiprinajuma pakapi. Neskatoties uz to, ka ir diezgan
gruti kontrolét plakano dalinu orientaciju kompozitmaterialu izgatavoSanas procesa, to
orientacijas realais sadalfjums var bat diezgan sarezgits. Efektivo elastigo konstanSu noteiksanai
NK, ar transversali izotropiem silikatu slaniem, ar koplanaru orientaciju, ir bitiska nozime.
Datus, kas ir iegiiti $aja gadijuma, var izmantot ka orient&josos datus talakai elastigo Tpasibu
analizei kompozitam ar haotiski novietotam nanodalinam, nemot véra to orientacijas sadalijumu
materiala [25].

Ir jaievéro slanveida silikata anizotropija. Montmorillonita mala atseviSks slanis ir
monoklinais kristals, kas sastav no diviem silicija ¢etrskaldnu slaniem un centrala astonskaldnu
slana [22]. Nemot véra Cetrskaldna seSstira konfiguraciju divas cetrskaldgu loksnés un
montmorillonita mala slanaino struktiiru, pienem, ka silikata slanu kopa ir transversali izotropa
vide. Interkal&ta silikatu kompozita gadijuma slanaina struktira paliek, bet, t. s., galerijas starp
slaniem ir aizpilditas ar poliméru. Visparigi So gadijumu var uzskatit ka transversali izotropu
vidi.

Interkaléta NK gadijumam var izmantot Halpina-Tsai (Halpin-Tsai) vienadojumus [25,
26], iegatiem izotropai poliméra saistvielai, pilditai ar koplanari novietotam transversali
izotropam cilindriskam dalinam, ar patvaligu izméru attiecibu. Elastigais risinajums ir ieguts
kompozitam ar vienu S$kiedru cilindra saistvielas apvalka. Tas ir ievietots neierobezota
viendabiga vide, kura ir makroskopiski neatskirama no kompozita. Sprieguma un deformacijas
komponens$u attiecibam ir jabut novidéjotam pa visu kompozitu. Formulas, preciziem elastibas
risinajumiem, kompozitam ar patvaligu dalinu izméru attiecibu, iegiitas no Iiknu aproksimacijas
un ir apstiprinatas ar eksperimentalajiem mérjjumiem.

Mehaniskajam paradibam, kas notiek poliméru kompozitu materialos sorbcijas un
izpleSanas procesos, piemit noteikta teorétiska un praktiska nozime, tacu tas ir nepietiekami
izpétitas. Seviski NK, kas ir svarigi augstas efektivitates materialu attistiSanai. Piem&ram,
liclakaja dala rakstu [2, 6, 14] ir paraditas mala NK uzlabotas mehaniskas, termofizikalas un
barjeras ipasibas, salidzinot ar nepilditiem polim&riem. Tomér nekada informacija par tajos

notiekoSiem procesiem nav dota.
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Lidz ar to ir butiski noteikt attiecibu starp mala-poliméru NK termofizikalajam un
mehaniskajam Tpasibam, mitruma absorbcijas procesa, un struktiras izmainpam, kas notiek
deformacijas procesa dazada veida eksperimentos un pie dazadam temperattiram.

Visbeidzot, misdienu materialu, poliméru nanokompozitmaterialu, izmantosana dazadas
tehnikas, buvniecibas, ka ari elektronikas nozarés, pieprasa ilgtermina deform&jamibas un
izturibas novértéSanu dazadu vides faktoru apstaklos (slodze, paaugstinata un/vai mainiga
temperatira un mitrums). Tradicionalo KM (polim&ru pilditu ar mineralvielu mikrodalinam,
kompozitiem, pastiprinatiem ar oglekla un stikla Skiedram) ilgtermina deform&jamibas un
izturibas prognozéSanai ir pielietota sprieguma-laika, temperataras-laika un mitruma-laika
analogijas metode [28, 29]. Sis metodes pamata ir laika reducé$ana paatrinatu relaksacijas
procesu pieauguma dgél, paliclinot slodzes Iimeni, temperatiru un relativa mitruma saturu
materiala, ko raksturo redukcijas funkcija. Temperatiras-laika redukcijas funkcija, kas raksturo
Sludes atruma izmainu temperatiiras izmainas dé], NK ir augstaka, salidzinot ar polimé&ru
svekiem.

Tadgjadi, ir nepiecieSama dazadu epoksida sveku un epoksida-nanomala kompozitu
mehanisko un termofizikalo 1pasibu kompleksa izpéte par musdienu kompozitmaterialu noturibu
pret dazadiem vides faktoriem (temperatira, mitrums, slodze, u.c.), kas laus novértét poliméru-

nanomala KM pielietosanas iespgjas.
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3. Parskats par darba izmantojamiem materialiem un metodém

Darba ir izmantotas sekojoSas termoreaktivo poliméru saistvielas: 1) epoksida sveki
ED 22, kas tika cietinati ar polietiléna poliamidu un dispersi pilditi ar LiF kristaliem (pildvielas
saturs 0,05, 0,11, 0,23, 0,28, 0,33, 0,38 un 0,46% p&c masas); 2) epoksida sveki Reapox 520; un
3) bisfenola epoksida sveki, kas tika cietinati ar polipropiléna oksidu un pilditi ar
montmorillonita mala dalinam (pildvielas saturs 2, 4 un 6% péc masas).

Mitruma absorbcijas kinétika ir eksperimentali pétita ar sorbcijas metodi vides ar relativo
mitrumu ¢ = 24, 34, 53, 77, 84 un 98%, izmantojot silikagelu un attiecigi piesatinatu salu MgClo,
Mg(NOs),, NaCl, KCI, and K;SO,; Skidumus. Nosakot izmainas pé&tamo materialu masa,
absorbcijas eksperimentos ir izmantoti plani plaksnveida paraugi. Tie nosaka sorbcijas norisi
viendimensijas difuzijas rezima. Paraugi tika novietoti mitras vid€s istabas temperattira un tika
regulari nosvérti ar precizitati 0,00005 g, izmantojot analitiskos svarus Mettler Toledo XS
205DU. Masas pieaugums m(t)-mg ir izmantots mitruma daudzuma noteikSanai mitruma
absorbcijas laika

w(t) = m(t) —m,

0

Pielietotas dazadas mehaniskas parbaudes metodes: 1) kvazistatiskas stiepes eksperimenti,
saskana ar LVS EN ISO 527 standartu, izmantojot Zwick 2,5 testéSanas masinu ar tvérgj spailu
atrumu 5 mm/min istabas temperatiira; 2) §lades eksperimenti vienass stiepg, saskana ar ASTM
D2990 standartu istabas temperatiira, izmantojot §liides parbaudes stendus ar sprieguma limeni -
pusi no stiepes stipribas, $lides eksperimentu ilgums - 7 st (slodze), 17 st (atslodze).

P&tamo materialu Struktiiras un Tpasibu izmainu noteikSanai sorbcijas procesa ir pielietotas
sekojosas metodes: 1) diferenciali skengjosas kalorimetrijas analize, izmantojot ierici Mettler
DSC 30 temperaturas diapazona no -50 lidz 150 °C ar sildiSanas atrumu 10 °C/min; 2)
termogravimetrijas metode, izmantojot ierici Mettler TA 3000 temperatiiras diapazona 20-280
°C, ar sildiSanas atrumu 10 °C/min; 3) diferenciala termiska analize, izmantojot ierici UIP-70M,
paraugus sildot Iidz 150 °C, ar sildisanas atrumu 2 °C/min; un 4) rentgena difrakcijas metodes
analize, izmantojot ierici DRON-3M, ar Cug, starojumu, ar 0,1 ° soli un impulsu savaksanas
laiku 90 sek.

Visu NK paraugu caurspidigums liecina par labu pildvielas dalinu dispersitati (pildvielas
dalinu izmérs ir mazaks neka redzamas gaismas vilpa garums (400-700 nm)). Pildvielas
nanodalinu (montmorillonita mala) struktara ir papildus pétita ar mikroskopijas metodem,

piemé&ram, skangjoso elektronu (SEM) un transmisijas (TEM) mikroskopiem.
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4. Mitruma absorbcijas modelésana kompozitmaterialiem

4.1.Sorbcijas modelu pielietoSana epoksida sveku mitruma absorbcijas kinétikas

aprakstiSanai
[P2]

Ka iepriek§ ming&ts, mitruma absorbcija epoksidsvekiem izraisa laika atkarigas struktiiras
izmainas un tam sekojoso ipasibu pasliktinaSanos. Absorbé&tais mitrums materiala var aktivizét
dazadus procesus. Tas, savukart, ietekm& twdens sorbcijas kinétiku (kimiskas reakcijas,
zemmolekularo komponensu izskaloSanas u.c.). Tapéc katram pétamajam materialam ir
nepiecieSams novértét dazadu mitruma parneses modelu pielietojamibu mitruma absorbcijas
eksperimentalo datu aprakstiSanai un noteikt vispiemérotako modeli.

Epoksida svekiem mitruma absorbciju bieZi apraksta ar Fika modeli [9, 11, 27, 30]. Saja
modelt [8] ir pienemts, ka absorbcija notiek tikai Gidens molekulu difuzijas d€] un, saskana ar
pirmo Fika likumu, difundgjosas vielas pliismas blivums j ir tieSi proporcionals ta koncentracijas
gradientam C

j=—Dgrad C, (4.1)
kur D ir diftzijas koeficients, kas raksturo mitruma absorbcijas atrumu un ir neatkarigs no
mitruma koncentracijas. Nemot véra masas saglabasanas likumu, nestacionara stavokli ir speka
otrais Fika vienadojums. Viendimensijas diftzijas gadijuma gar X asi, kad parauga biezums ir
mazaks neka ta garums un platums, tas ir definéts ka

o« _ Daz—g' : 4.2)

ot OX
kur C ir mitruma koncentracija parauga laika momenta t.

Vienadojuma (4.1) risinagjumam plakanparal€lai plaksnei ar biezumu h pie sakuma

C (0 <x<h,t =0) = Cp un robeznosacijumiem C (x =0, x = h, t > 0) = C,, ir sekojosa izteiksme

[8]

C(x,t)=C,_— (C C)Z(l V' )sm(Tx)exp( (%k] Dt]. 4.3)
T

K

Integr&jot vienadojumu (4.3) pa plaksnes biezumu, ir dabiita izteiksme mitruma daudzuma

noteikSanai parauga:

ity =, 2O W)Z(l ( 1)) exp( (ﬁhkj Dt} .

Seit W, ir robeZmitruma daudzums parauga. Sim modelim ir divi parametri: difizijas

koeficients D un robezmitruma daudzums w.,. Ja sorbcijas likni att€lot pret kvadratsakni no

14



laika, tad diagrammas sakuma intervalu var aprakstit ar taisni, kas iziet no koordinasu
sakumpunkta [8]. lzmantojot eksperimentalos datus, diftizijas koeficientu var noteikt no §is

taisnes noliekuma:

2
_zh™

D=—-L", 4.5
16t (49

w(t) —w,
W, —W,

kur L= ir mitruma daudzuma w(t)-wy izmainas parauga laika momenta t, kas ir

normétas uz tas maksimalo vertibu.
Otrais modela parametrs ir robezmitruma daudzums. To parasti nosaka ka maksimalo,
eksperimentali sasniegto, mitruma daudzumu paraugos. Jaatzimé, ka atbilstosi izteiksmei (4.4)

§is maksimalais Iimenis ir sasniegts tikai asimptotiski, kad t —o Tas noved pie kltdas,

nosakot w,,. Attieciba Starp difuzijas koeficientu, kas noteikts pec izteiksmes (4.5) un vides

relativo mitrumu ¢ epoksida Reapox 520 paraugiem, ir paradita Att. 4.1.

6 | D-10°, mm/st
5 -
4k
0, %
= ] ] ! | |
20 40 60 80 100

Att. 4.1. Difuzijas koeficients atkariba no vides relativa mitruma.

Mitruma satura aprékinu rezultati p&c izteiksmes (4.4), ka art eksperimentalie dati epoksida
Reapox 520 paraugiem, vides ar dazadu relativo mitrumu, ir paraditi Att. 4.2. Redzams, ka Fika
modelis labi apraksta mitruma absorbcijas procesu atmosféras ar zemu relativo mitrumu, bet,
gadijumos, kad relativais mitrums parsniedz 75%, mitruma sorbcijas process paléninas sorbcijas

liknes vidgja dala.
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Att. 4.2. Paraugu masas izmainas laika pie dazadam ¢ vértibam (cipari uz likném): eksperimentalie dati

(punkti) un aprékins p&c Fika modela (4.4) (liknes).

Respektivi, izmantojama absorbcijas atruma vértiba, aprékinot mitruma daudzumu, ir
parspiléta, jo modeli nav nemta véra mijiedarbiba starp mitrumu un poliméru, izple$anas u.c.
procesi, kas pavada mitruma absorbcijas procesu. Ir redzams, ka Fika modela atbilstiba
samazinas, palielinoties vides relativajam mitrumam, jo diftzijas mehanisms klast mazak
domingjoss. Citi mehanismi, piem., mijiedarbiba starp poliméru un difundgjoso vielu un/vai
relaksacijas procesi, sak ietekmét mitruma parnesi poliméros [31]. Lai izskaidrotu mitruma
parneses novirzi no klasiskas diftizijas mehanisma ar diftizijas koeficientu, kas ir neatkarigs no
mitruma koncentracijas, japielieto alternativie mitruma absorbcijas modeli, kas nem véra
dazadas mitruma absorbcijas procesa ipatnibas katra atseviska gadijuma.

Dzeikoba-Dzonsa (Jacob’s-Jones) modeli [9] pienemts, ka materials sastav no divam
fazém ar dazadu blivumu un attiecigi ar dazadam sorbcijas ipasibam. Uzskata, ka abas fazés
mitruma sorbcijas process notiek vienlaicigi un paklaujas Fika likumam. Kimisko saiSu
veidoSanas starp tideni un polim&ra molekulam nav nemtas veéra.

Tadgjadi, mitruma daudzumu katra materiala fazg izsaka ar formulam

w, () =w,, oWy _ZWO)i(l_(_l)k) exp[—(ﬁ) Dltj,
T

P} k2 h

kuras satur Cetrus nezinamos parametrus, proti, katras fazes robezmitruma daudzumu un
difuzijas koeficientu. Rezultata, summarais mitruma daudzums parauga ir sekojoss:

W(t) = w (t) + W, (t) (4.6)

Am Am
kur w, (t) = —=, W, (t) = —=%; Amy, Am, ir fazu masas pieaugums.
My My
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Att. 4.3. Paraugu masas izmainas laika pie dazadam ¢ vértibam (cipari uz likném): eksperimentalie dati

(punkti) un aprékins péc vienadojuma (4.6) (Iliknes).

W.11 szy % 2
sl a 0.02-D’ mm’/st b
(o]
1 0.01F
| | 0
0, % \r\ _ _ _ .

I ! . ; B k. Yo

0 50 100 0 40 60 80 100

Att. 4.4. Fazu sorbcijas izotermas (@) un difuzijas koeficienti Dy (o) un D, (e) (b) atkariba no .

Att. 4.3 ir paradits aprékins péc vienadojuma (4.6), kas saméra labi apraksta
eksperimentalos datus pie visam relativa mitruma vértibam. Tas nozimé, ka epoksidsvekus var
raksturot ka divfazu materialu. Zinams, ka epoksidsveki satur gan pietickami homogeénus
apgabalus ar blivu telpisko tiklu, gan arT slikti sastitos apgabalus, ko var uzskatit par materiala
divfazu struktru. Ka tas ir redzams Att. 4.3, pieaugot vides relativajam mitrumam, sorbcijas
liknes ir aprakstitas sliktak, jo modeli nav npemtas véra iesp&amas izmainas materiala
mikrostruktara mitruma absorbcijas dél. Tomér to var izmantot, lai objektivi novértétu sorbcijas
1pasibas materialiem ar nehomogénu struktru.

Att. 4.4 redzams, ka divu fazu sorbcijas izotermas ir gandriz vienadas. Savukart, no Att.
4.4 seko, ka dazadas fazés difuzijas koeficients atskiras vairakas reizes. lesp&ams, ka tas
atspogulo realo materiala struktiiru, apgabalus ar relativi zemu un augstu mitruma caurlaidibu.
Tadgjadi, materiala divu fazu ievéroSana, Jauj uzlabot sorbcijas liknu aprakstu.

P&dgjais no promocijas darba aprakstitajiem sorbcijas modeliem, ir modelis ar laika
mainigu diftizijas koeficientu [10]. Saskana ar $o modeli, sorbcijas laika materiala notiek dazadi
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fizikalie procesi, galvenokart, plastifikacijas un relaksacijas rakstura asociétas izmainas, ka ari
novecosanas, papildus cietinasana u.c. Difuzijas koeficients ar laiku samazinas, pie tam
proporcionali tas pasreizgjai vertibali:

dD
o —/D(t).

S1 vienadojuma risinajums ir D = D,e”*. Tatad modelis satur tris parametrus: 1) diflizijas

koeficientu sakuma laika momenta Dy, 2) robezmitruma daudzumu w.., un 3) koeficientu vy, kas
raksturo difuzijas koeficienta izmainas atrumu.

Mainiga difuzijas koeficienta ievieSanai vienadojuma (4.2) péc analogijas ar D mainu
nestacionara temperatiira [32] ir izmantots modificéta laika princips:

; 1-e7t

dt<=e'dt, t* = [e"dt = (4.7)
0 /4
Tad difuzijas vienadojums ir izteikts sekojosi
X _p,-ac. (4.8)

6t*
Izmantojot vienadojuma (4.2) risingjumu (4.4) un aizvietojot t ar t*, saskapa ar

vienadojumu (4.7), ir iegiits vienadojuma (4.8) risinajums viendimensionalam gadijumam

(4.9)

W=W

o0 H

L2 (W, W) X (A (D)) e
7 ; k? ¢

D : :
kur F=—[1-exp(-y-1)],4, :ﬂ—k, F ir Furjé kriterijs, y = 1l/t, un t ir relaksacijas
V4 a

raksturigais laiks. Sorbcijas Itknu apraksts ar izteiksmi (4.9) ir paradits Att. 4.5.

W, % o__o
3 - o". 97
[ ]
v [ ]
=
4 /:/V./.
./ ./:/
1L Ji
..y P 53
19 oo ©® 0% ¢ © °
et : 3
o o~ V) W@ Ll
g *, st
&C ] 1 !
0 20 40 60

Att. 4.5. Sorbcijas eksperimentalo datu aproksimacija pec modela ar laika mainigu difuizijas koeficientu

pie dazadam ¢ vertibam (cipari uz likném).
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Att. 4.6. Difuzijas koeficients D atkariba no laika t un vides relativa mitruma o.

Difuzijas koeficienta D atkariba no laika un vides relativa mitruma ir dota Att. 4.6. Ir
redzams, ka pie lieliem laikiem diftizijas koeficients tiecas pie bezgaligi mazas vértibas, kas
apraksta sistémas piesatinato stavokli. Mitruma absorbcijas laika (aptuveni 450 st) pie ¢ = 98%,
Do = 3,61-107 cm?/st, un v = 0,002, diftizijas koeficients samazinas 4-6 reizes. Kopuma, nemot
veéra to, ka modelim ir tikai tris neatkarigie parametri, tas ir saméra elastigs un diezgan labi
apraksta sorbcijas liknes (Att. 4.5).

Tadgjadi, sorbcijas kinétikas aprakstiSanai vispiemé&rotakais ir modelis, kas nem véra divu
fazu veidoSanos materiala, un modelis ar laika mainigu diftizijas koeficientu. Sie modeli diezgan
labi apraksta eksperimentalos datus, ka ari satur salidzinosi nelielu parametru skaitu, kas lauj tos

izmantot praktiski.

4.2. Epoksida bazes nanokompozita mitruma absorbcija
[P3], [C1]

Daudzkomponensu KM 1ipasibas parasti diezgan sarezgita veida ir atkarigas no sastava un
izgatavoSanas apstakliem. Tadel veiksmigai KM 1pasibu prognozeSanai ir nepiecieSams atseviski
izpetit materiala katras sastavdalas 1pasibas, saglabajot nemainigas materiala paraugu
izgatavoSanas tehnologijas.

Mitruma daudzuma mérijumi NK paraugu serijai ir veikti dazados laika intervalos. NK
epoksida sveku eksperimentali noteiktais mitruma daudzums ir paradits Att. 4.7 atkariba no laika
kvadratsaknes. Katrs no Siem datu punktiem atbilst vid&jai vértibai ar vidéjo kvadratisko novirzi

4 paraugiem.
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Att. 4.7. Eposkida sveku paraugu eksperimentali noteiktas masas izmainas (punkti) atkariba no

kvadratsaknes no laika pie dazadam ¢ vértibam (cipari uz likném) un aprékins péc Fika modela (linijas).

Att. 4.7 redzams, ka sorbcijas procesu epoksida saistvielai var pietiekami labi aprakstit ar
Fika modeli visas vides. Lidzigi rezultati ir iegiiti arT1 NK paraugiem, pie dazada pildvielas satura.
Jaatzime, ka NK difuzijas koeficients, kas iegiits no vienadojuma (4.5) ir neatkarigs no vides
relativa mitruma (skat. Att. 4.8). Vides ietvaros datu izkliede neparsniedz 10% no difuzijas
koeficienta videjas vertibas. Eksperimentali apstiprinats, ka sorbcijas process NK norit daudz
lénak neka tira (nepildita) epoksida saistviela (ka paradits Att. 4.8), pie augstaka pildvielas satura
difuzijas koeficients samazinas par pusi, salidzinot ar epoksida saistvielas difuzijas koeficientu.
Ka iepriek§ minéts, $0 paradibu var izskaidrot ar silikatu plakspu augsto malu attiecibu, kas
palielina @idens molekulu trajektorijas izliekumu, mitrumam difundgjot caur NK. Saskana ar
likumota cela modeli, un, ta ka mitruma caurlaidiba ir atkariga no plaksnu tilpuma satura un
malu attiecibas, eksfolietajam NK ir raksturigs lielaks barjeras ipasibu uzlabojums, neka
tradicionalajam kompozitam vai interkalétajam NK [7].

6 [ D,10° cm’/st

0 2 4 6

Att. 4.8. NK difuzijas koeficients p&c vienadojuma (4.5) atkariba no pildvielas masas satura.
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Att. 4.9. NK robezmitruma daudzums atkariba pildvielas satura vidé ar relativo mitrumu 98% (punkti -

eksperimentalo datu aproksimacijas rezultats, linija — aprékins péc vienadojuma (4.10).

NK robezmitruma daudzums W\° ietver sevi poliméra saistvielas W un pildvielas w,
pasibas:

W =w?.(1-c)+w' -c. (4.10)

Maisijuma likuma masas izmanto$ana tilpuma vieta ir pamatota ar to, ka sorbcijas procesa
beigas visi NK paraugi uzradija izplesanos aptuveni 3% péc tilpuma piesatinajuma. Uzskatits, ka
hidrofiliem epoksidsvekiem ir galvenais ieguldijums mitruma uzpemsana, un pildvielas
robezmitruma daudzums W ir tuvs nullei, jo dabiski hidrofilais MMT mals ir organiski
apstradats.

NK robezmitruma daudzuma pieaugumu, palielinoties MMT saturam (redzams Att. 4.9),
var izskaidrot ar starpfazes satura pieaugumu. Starpfazes mitruma sorbcijas TpaSibu noveértéjums
ir izveidots, izmantojot modificétu maisijuma likumu robeZmitruma daudzumam

W =w?.(l-c-b)+w -b, (4.11)
i

kur We ir starpfazes robeZmitruma daudzums, b ir starpfazes masas saturs. Starpfazes

ieklausana maisTjuma likuma lauj noveérst novirzi no aprékina péc (4.10) no eksperimentalo datu

aproksimacijas rezultatiem. Tom@r jaatzime, ka vienadojums (4.11) satur 2 nezinamos
parametrus ( W, un b), kurus nevar noteikt neatkarigi. Tadé| pareiza analize ir jabalsta uz

starpfazes mitruma ietilpibas noveértéjumu p&c formulas (4.10) un eksperimentalo datu starpibu.

21



06 1A %

0 2 4 6

Att. 4.10. Novirze no eksperimentaliem datiem NK robezmitruma daudzumam un ta novértéjumu

pec maistjuma likuma (4.10) vidés ar ¢ = 77 () un 98 () %.

Sagaidams, ka vidé ar augstako relativo mitrumu (augstaku absorbéta mitruma saturu)
absorbéta mitruma daudzumu starpibai, kas ir noteikta eksperimentali un prognozéta péc
formulas (4.10), ir japalielinas. So novérojumu apstiprina ari eksperimentu rezultati (skat. Att.
4.10). Augstaks pildvielas saturs izraisa lielaku mitruma absorbciju un lielaku novirzi no
maisijuma likuma, nenemot véra starpfazes sorbcijas Tpasibas. Vispargji sakot, i novirze, kas
parstav starpfazes mitruma saturu ir lineari proporcionala pildvielas saturam (Att. 4.10).

Respektivi, proporcionalitates koeficienti atbilst NK starpfazes sorbcijas ietilpibai uz 1%

pildvielas.
4w o w! %
P o © 221 0.09
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Att. 4.11. Shematisks atveidojums robezmitruma daudzuma sadalijumam kompozita sist€éma ar vienu
pildvielas dalinu (a); un sorbcijas izoterma epoksida svekiem un starpfazes slanim NK uz 1%
pildvielas (b).

Lidzsvara stavokli attiecibu starp mitruma daudzumu materiala un apkartéjas vides
lidzsvara relativo mitrumu var paradit ar sorbcijas izotermu. Piepemts, ka kopgjais mitruma
daudzums NK paraugu skérsgriezuma ir sadalits vienmérigi un NK mitruma koncentracija
paklaujas sorbcijas izotermai. Katrai relativa mitruma vértibai sorbcijas izoterma norada
atbilstoso mitruma daudzumu dota, nemainiga temperattra. Sorbcijas procesu sarezgitibas dgl,
kompozitmaterialu izotermas tradicionali atSkiras no Henrija (Henry) likuma, uzrada nelinearo

raksturu, tade] katram p&tamajam materialam tas ir janoverte eksperimentali.
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NK starpfazes sorbcijas izotermu uz 1% MMT var noteikt péc Att. 4.11. Ka ieprieks
mingts, starpfazes saturu NK no izteiksmes (4.11) nevar aprékinat neatkarigi. Tomér ir iesp&jams
novertét starpfazes ietekmi uz NK sorbcijas pasibam kopuma. Sos rezultatus var izmantot
talakai mitruma ietekmes analizei uz NK mehaniskajam un termofizikalajam ipasibam. Attiecigi
mitruma saturu, kas atrodas gan saistviela, gan NK starpfaze, var prognozet nevis no izteiksmes

(4.10), bet nemot véra sekojosu kompozita sistemu

W =w?.(1-c)+WwW. -c, (4.12)

kur abi parametri w® andw’ ir noteikti no Att. 4.11, kas ir epoksida sveku un starpfazes

sorbcijas izoterma. ST sorbcijas izoterma un formula (4.12) lauj aptuveni novértét papildus
mitrumu NK vidé ar jebkuru relativo mitrumu un jebkuru pildvielas saturu. Lidz ar to ir
pieradits, ka sorbcijas procesu NK var aprakstit ar Fika modeli pie visiem mala saturiem vidés ar
jebkuru no apskatamiem relativiem mitrumiem. Pamatojoties uz rezultatiem, ko iegiist attieciba
uz NK mitruma Tpasibam, var secinat, ka mitrumu necaurlaidigo mala nanodalinu izmanto$ana ir
lietderiga mitruma negativas ietekmes samazinaSanai uz NK 7ipasSibam. Tas lauj izmantot
modificétus epoksida svekus ekspluatacijas apstaklos ar augstaku relativo mitrumu. Absorbéta
mitruma ietekme uz epoksida-mala NK mehaniskajam un termofizikalajam 7ipaSibam ir

apspriesta nakamajas nodalas.
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5. Epoksida bazes kompozitmaterialu mehanisko IpasSibu raksturoSana

5.1. Stipribas un elastibas Ipasibas

[P1], [P4], [P6], [C1]

Lai noveértétu pildvielas un absorb&ta mitruma ietekmi uz stiepes elastibas moduli un
izturibu epoksida sveku un ar mikrodalinam (LiF kristali) un nanodalinam (MMT) pilditu
epoksidsveku mehaniska uzvediba ir pétita kvazistatiskos stiepes eksperimentos. Piem., Att. 5.1
ir paraditas sprieguma-deformacijas liknes epoksida sveku un NK paraugiem ar pildvielas saturu
C = 6%, sakotngji uzturétiem lidz piesatinajuma stavoklim, vidés ar mitrumu 24, 77 un 98%.
Pargjo NK paraugu (ar pildvielas saturu 2 un 4%) sprieguma-deformacijas liknes ir lidzigas ar

Att. 5.1 uzraditajam Itkném ar stipri izteiktu piespiestas elastibas robezu.

c, MPa
60 |-
40 |-
Acy:
20 | /7
g, %
1 L L 1 L
0 2 Spc 14 6 8 10

Att. 5.1. Tipiskas sprieguma-deformacijas Iiknes pie pastaviga deformacijas atruma (5 mm/min) epoksida
saistvielai (partraukta linija) un NK ar ¢ = 6% (nepartraukta Iinija) pie dazadam ¢ vértibam (cipari uz
likném).

Ka izriet no Att. 5.2, epoksida sveku pildisana ar MMT nanodalinam noveda pie elastibas
modula pieauguma sausajam materialam aptuveni par 30% un piespiestas elastibas robeZas
sprieguma un deformacijas samazinaSanas par apm. 1/3. Mitruma satura pieauguma dgl,
samazinas gan epoksidsveku, gan NK elastibas modulis un piespiestas elastibas robezas
spriegums, savukart, piespiestas elastibas robezas deformacijai ir apm. tada pati vertiba.
Sausajiem NK paraugiem (pie ¢ = 24%) sabrukuma raksturs bija daudz trauslaks neka
mitrinatajiem (pie ¢ = 98%). Turklat sauso paraugu stiepes stipriba divreiz parsniedza mitrinato

paraugu stipribu. Starpveértibas ir iegiitas NK paraugiem vidé ar ¢ = 77%.
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Att. 5.2. NK elastibas modulis (a) un piespiestas elastibas robezas spriegums (b) atkariba no pildvielas

masas satura pie dazadam ¢ vértibam (cipari uz Iikném).

Lidz ar to absorbéta mitruma dgl, gan nepilditam epoksidam, gan NK ar ¢ = 6% ir novérota
gandriz identiska elastibas modula samazina$anas par 1 GPa un stiepes stipribas samazinaSanas
par 25 MPa. Lai gan paSas elastibas modula un stipribas vértibas ir uzlabotas attieciba pret
pildvielas saturu, mitruma saturam palielinoties (vidés no 24 lidz 98%), nanodalinu pozitiva
ietekme nav konstatéta.
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T
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Att. 5.3. KM eksperimentali noteiktais elastibas modulis sakotngja (o) un mitrinata (A) stavokli, un pec

mitrinaSanas-zavesanas cikla (@) atkariba no pildvielas tilpuma satura ¢.

Att. 5.3 parada mitruma ietekmi uz eksperimentali iegiito elastibas moduli epoksida
svekiem, pilditiem ar dazadu LiF kristalu saturu. Ka izriet no attéla datiem, palielinoties
pildvielas tilpuma saturam ¢, palielinas art KM elastibas modulis - nosaciti sakotn&ja stavokli
pie ¢ < 0,33, piesatinata stavokli pie visam ¢ vertibam, un péc mitrinasanas- zavésanas cikla pie
¢ < 0,38. Lidz ar to ir pienemts, ka pildvielas d€l, poliméra struktiira un Tpasibas mainas. To var
izskaidrot ar starpfazes veidoSanos, kuras ipaSibas atSkiras no poliméra saistvielas ipaSibam.

Tadel], aprakstot KM elastibas 1pasibas, ir svarigi nemt véra pildvielas dalinu morfologiskas

25



Ipatnibas nosaciti sakotné&ja stavokli. Tad janovérté absorbéta mitruma ietekme uz KM struktiiru

un Tpasibam pie dazada pildvielas satura.

5.2.NK elastibas ipasSibu modeléS$ana, ievérojot MMT mala slapaino struktiru

[P4]

NK uzvediba un ipasibas ir atkarigas ne tikai no ta struktiiras komponensu ipasibam, bet
armT no materiala mikrostruktiiras: pildvielas dalinu dispersitates un orientacijas, ka ari no
savstarpgjas pildvielas dalinu un poliméru saistvielas mijiedarbibas [33].

Toméer viens no galvenajiem parametriem, kas ietekmé NK uzvedibu, ir pildvielas dalinu
dispersitates efektivitate poliméru saistviela [34].

Viens no veidiem, ka parbaudit mala nanodalinu morfologiskas ipatnibas $kiduma, pirms
to ievietoSanas poliméra saistviela, ir to dispersitates novéroSana ar TEM. Tipisks TEM attéls

mala nanodalinu acetona suspensija ir paradits Att. 5.4a.

Att. 5.4. Tipiski TEM attéli mala nanodalinu acetona suspensija. Nanomals ir attélots melna krasa (a); NK
ar ¢ = 2% sabrukuma virsmas SEM attéls (b).

No Att. 5.4a ir redzams, ka novérotais agregats ir mala plaksniSu kopa ar slanveida strukttru un
dalinu augstu malu (garums pret biezumu) attiecibu. No Att. 5.4a plaksnu kopas malu attieciba ir
aptuveni vienada ar 7.

Turklat pildvielas dalinu plakspveida formu var apstiprinat NK ar ¢ = 2% sabrukuma
virsmas SEM atteli (Att. 5.4b). Ir redzams, ka pildvielas agregatu transversalais izmérs ir daudz
mazaks neka gareniskaja virziena.

Ir m&ginats attiecinat mitrinata NK efektivo stiepes elastibas moduli uz to struktiiras
komponensu ipasibam. Jauzsver, ka, nemot véra realo KM sarezgito struktiru, teor&tiski var
iegt tikai salidzinoSus rezultatus [18].

Eksfolieta NK gadijumam ir izmantoti Halpina-Tsai (Halpin-Tsai) vienadojumi [25, 26],

kas iegiiti izotropai poliméra saistvielai pilditai ar transversali izotropam cilindriskam dalinam ar
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patvaligu malu attiecibu (5.1). Elastigs risinajums iegiits kompozitam ar vienu ar $kiedru,
apvilktu ar saistvielas cilindru. Tas ir ievietots neierobezota, viendabiga vidg, kas makroskopiski
neatskiras no kompozita. Sprieguma un deformacijas attiecibas komponenti ir novidgjoti pa visu
kompozitu. Formulas preciziem elastibas risinajumiem kompozitam ar patvaligu dalinu izméru
attiecibu iegiitas no Iiknu aproksimacijas un ir apstiprinatas ar eksperimentalajiem mérijjumiem.

1 A

Att. 5.5. Cilindrisko pildvielas dalinu shematisks attélojums poliméra saistviela.

Pilnigi eksfoligtai kompozita sisteémai Halpina-Tsai vienadojumi elastibas modulu noteik$anai ir
sekojosi:

E —E 1T2h0 (5.1)
1-ne
1+2A
E,=E,= Emﬂ, (5.2)
1-n,0
kur
R —1 E R, -1 E
771:Rl 1R1_ f11 2:—2 ,R2= f2.
L +2 E. R, +2A, E,

Vienadojumos (5.1)-(5.2) E;, E,, E3 ir KM elastibas moduli, Ep, ir saistvielas elastibas modulis
un Esq, Erp — ir pildvielas elastibas modulis asu virzienos, saskana ar Att. 5.5; As ir plaksnites
malu attieciba (Ar > 1 jo cilindriskam plaksnitém ta ir vienada ar diametra attiecibu pret
biezumu); ¢ ir pildvielas dalinu tilpuma saturs, ko parasti nosaka no formulas

p=S

pf(c:+a®J’
P Pm

kur c ir pildvielas masas saturs, ps un pp, ir attiecigi pildvielas un saistvielas blivums.

Gadijuma, kad pildvielas dalinu eksfoliacija ir nepilniga, uzskatits, ka KM sastav no
saistvielas un pseidodalinam (atsevisko plaksnpu kopam) [22]. Att. 5.6 ir redzama pildvielas
pseidodalinas shéma, kuru veido plaksnu kopa. N ir plaksnu skaits kopa, L — plaksnites garums

(platums), t - biezums, s — starpplaksnu attalums.
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Att. 5.6. Pseidodalinas att€lojums (plaksnu kopa).

Nepilnigas eksfoliacijas gadijumam Halpina-Tsai vienadojumus var modificét un rezultata
iegiit izteiksmes NK elastibas moduliem:

1+27n, '

E =E, el (5.3)
1-n'e
1+2A 'n,'@'
E,—E,=E ¥ (5.4)
1-n,'p
kur
R,-1 E - E
771'— 1 R, '= pL , '— R2 1 R — P2

“Re2 P E CPTRu2AT Y E

m

Seit A¢” ir plaksnu kopas malu attieciba, ¢’ - plaksnu kopu tilpuma saturs, R’ - plaksnu kopas
elastibas modula attieciba pret saistvielas elastibas moduli. PlakSnu kopas elastibas modulus
dazados asu virzienos var aprékinat, izmantojot tieSo un apgriezto maisijuma likumu

£, =
p1l V7p+vip
Efl

E

m

un

e _ E.V, +E.V,
p2 —
\Y

ps

kur Vp ir plaksnu tilpums, Vi, - starpplaksnu telpas tilpums, Vps - plakspu kopas tilpums.
Izmantojot vienkarSos geometriskus pienémumus, ka katra plaksnu kopa sastav no N plaksném
ar biezumu t, garumu L un starpplakspu attalumu s, ir iegtitas formulas plaksnu kopas elastibas
modula noteikSanai
E,E, (Nt+(N-1)s)
T E Nt+E (N —1)s

un
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_ENt+E (N-1)s
2T Nt+(N-1)s

Vienadojumu parametriem ir iegiitas attiecigas formulas plaks$nu kopas malu attiecibai As’,

plaksnu kopas tilpuma saturam ¢’ un plakSnu kopas elastibas modula attiecibai pret saistvielas

elastibas moduli E,’ [22]:

1\s - Vs 1
1+R[1- = |2 14)1- =% 14l1- =
Nt Nt Nt

Izmantojot zinamas vértibas saistvielas elastibas modulim, vidés ar dazadu relativo

mitrumu, no vienadojumiem (5.3) un (5.4) var noteikt NK elastibas moduli. Montmorillonita

mala plaksnitém elastibas modula veértibas sakas no 40 GPa [35] plaksnu $kérsvirziena lidz 180

GPa [25, 36] plaksnu garenvirziena, pamatojoties uz literatiiras datiem, slanveida strukttiras mala

mineraliem, aluminija oksida, silicija dioksida un to savienojumu empiriskam attiecibam starp

moduli un blivumu, ka arT elastibas moduli un plaksnpu biezumu, ko iegiist simulacijas procesa.

Seit ir pienemts, ka pildvielas elastibas moduliem ir sekojosas vertibas: Exy = 55 GPa, Egp = Ef3 =

180 GPa; pildvielas plaksnu malu attieciba A; = 50, plak$nu skaits kopa N mainas no 1 lidz 6,

slt=1.
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Att. 5.7. NK elastibas modulis atkariba no pildvielas tilpuma satura. Aprekins péc izteiksmes (5.1)
(nepartraukta linija) un (5.3) (partraukta linija) pie dazada elementaro slanu skaita N (cipari uz Itkném)

plaksnu kopa. Punkti — eksperimentalie dati pie ¢ = 24%.

Aprékina rezultati péc izteiksmes (5.1) ir salidzinati ar kvazistatiskas stiepes
eksperimentalajiem datiem paraugiem, kas ir uzturéti sausa vide (¢ = 24%) (Att. 5.7). Redzams,
ka NK elastibas modula aprékina rezultati ar eksfolietam pildvielas dalinam ir lielaki neka
eksperimentali iegiitas veértibas. Plaksnu skaita palielinaSana dod iesp&ju iegit labaku datu
aprakstu. Tie ir salidzino$i rezultati, jo modeli ir pienemts, ka pildvielas dalinas poliméra
saistviela ir novietotas koplanari. No otras puses apréekins péc izteiksmes (5.4) (apaks€ja robeza)
ir daudz zemaks neka eksperimentu rezultati. Tas nozimé, ka mala plaksniSu realais orientacijas
sadalijums atrodas starp Siem robezstavokliem un var biit diezgan sarezgits.

Tomér, izmantojot iegiitos rezultatus, tos pasus parametrus N, t, S, mitrinatam NK, ir
iesp&jams novertet polimera saistvielas struktiiras izmainas, mitruma absorbcijas del.

Rezultata mitrinata NK elastibas modula novértésana péc (5.3) atskiras no eksperimentali
iegttajiem rezultatiem (skat. Att. 5.8). Ka redzams, nemot véra plaksnu kopas slanveida
struktaru palielinot plak$nu skaitu kopa Iidz 6, ir uzlabots eksperimentalo datu aprékina rezultats.
To var izskaidrot ar izmainam plaksnu kopas elastibas pasibas. Lai gan mitrumu necaurlaidigo
mala plaksnisu elastibas modulis nav atkarigs no mitruma daudzuma, saistvielas faze, kas
atrodas starpplaksnu telpa, var absorbét mitrumu. Tadeél plaksnpu kopu elastibas ipasibas ir
atkarigas no absorb&ta mitruma daudzuma un izraisa mitrinata NK elastibas modula batisku

samazinasanos (Att. 5.8).
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Att. 5.8. Epoksida saistvielas un NK ar ¢ = 6% elastibas modulis atkariba no absorb&ta mitruma
daudzuma. Eksperimentalie dati (NK ar ¢ = 6% (m), epoksida saistvielai (0)), aprekins p&c izteiksmes
(5.3) NKarc=6%unN=1(e)unN=6 (o).

Par pieméru izmantojot NK ar ¢ = 6%, var redzgt, ka elastibas modula izmainas, mitruma
ietekmes dgl, pierada, ka mitrums, kas atrodas starpplaksnu telpa, batiski ictekmé KM elastibas
moduli. Lielaks pildvielas saturs noved pie augstaka starpplaksnu telpas satura, ka rezultata

paradas lielaka mitruma absorbcija un liclakas izmainas NK 1pasibas, kas ir jutigas pret mitrumu.

E, GPa dE, GPA {0
3 -
-0.04
2 -
-0.08
1 .
-0.12
o, %
0 ' L ' -0.16
20 40 60 80 100

Att. 5.9. Epoksida saistvielas elastibas modulis () un norméta uz 1% masas pildvielas saturu novirze no

NK elastibas modula (¢) atkariba no vides relativa mitruma.

No izotermas, kas ir paradita Att. 5.9, seko piedavata mitruma un pildvielas ietekmes
analize uz epoksida-MMT NK deform&jamibu, nemot véra pildvielas dalinu morfologiskas
ipatnibas. Izmantojot So att€lu, ir iesp&jams novertét NK elastibas moduli pie jebkura pildvielas
satura vide ar jebkuru relativo mitrumu. Sakara ar mitruma absorbciju NK elastibas modulis
ievérojami samazinas. Pieaugot pildvielas saturam epoksida sveku elastibas modula vértibas
uzlabojas. Neskatoties uz to, ka MMT dalinam nav pozitivas ietekmes uz NK elastibas moduli,
mitruma absorbcijas dél (vidés ar relativo mitrumu no 24 lidz 98%), epoksidsvekus, kas ir
modificéti ar mitrumu necaurlaidigam cietam MMT mala nanodalinam var rekomendét

pielietosanai vid€s ar augstaku ekspluatacijas relativo mitrumu.
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5.3. NK elastibas 1pasibu modeléSana, ievérojot starpfazes veidoSanos

[C2]

Silikatu plakS$pu novietojumu poliméra saistviela var nosaciti iedalit tris kategorijas:
agregatos, interkalétas slanveida kopas un eksfoliétas atseviskas plaksnités. Saja apaksnodala ir
aprakstits péd&jais gadijums, un, galvenokart, ir uzsvérta starpfazes probléma. Eksfoliétas
plaksnes ir modelétas ka transversali izotropi sferoidi ar mazu apgriezto malu attiecibu (mazas
ass attieciba pret lielo, turpmak teksta proporcijas parametrs), kas ir vienada ar apm. 0,015.

Ta ka 1paSa uzmaniba ir pievérsta starpfazes 1pasibu un NK adhézijas efektivitates
novértésanai, NK elastibas ipasibu aprékinasanai ir pielietotas formulas haotiski orientétam
transversali izotropiem sferoidiem ar mazu apgrieztu malu attiecibu. Paradits [21], ka pie maza
pildvielas tilpuma satura Norrisa (Norris) tuvinatas izteiksmes [19] tilpuma un bides moduliem
diezgan labi korele ar Mori-Tanakas (Mori-Tanaka) izteiksmém, kas ir plasi pielietotas NK
ipasibu aprakstam. Sis aptuvenas izteiksmes ir sekojosas

-1
K=K1+ﬂ-¢- P 34w, 11w ) (5.5)
9 8 p-(1-v)) 1, 1+v,

-1 -1
pmpr g ym 3T A lve )2 p o T8 L (5
15 8 u-(1-v) w1, 1+v, 5 16 1,-(1-v,) 1,

kur ¢ ir pildvielas tilpuma saturs, y ir pildvielas dalinas asu attieciba, K, g un v ir attiecigi KM
tilpuma un bides moduli, un Puasona (Poisson) koeficients. Indeksi 1 un 2 ir attiecigi saistvielas
un pildvielas ipasibas. Parametrs y ir definéts ka pildvielas dalinas biezuma attieciba pret tas
diametru un mala plaksniSu gadijuma tas ir daudz mazaks par 1.

Skaitliskos aprekinos saistvielas un pildvielas tilpuma un bides modulu vértibas ir izvélétas
ta, lai tas atspogulotu tipiskas epoksida sveku un montmorilonita mala ipasibas. Pienpemts, ka
poliméra saistvielas elastibas modulis un Puasona koeficients: E; = 3,45 GPa un v; = 0,35. Ka
iepriek$ minéts, literatiira parasti pienem, ka MMT elastibas moduli garenvirziena ir intervala no
140 [21] lidz 180 GPa [15, 25, 36]. Saja darba uzskafits, ka E, = 180 GPa, v,=0.2 un
proporcijas parametrs ir vienads ar 0,015.

Aprekinot KM modulus no formulam (5.5) un (5.6), elastibas moduli var noteikt péc

izteiksmes

E_9-K-,u

= 5.7
3-K+u 5.7)
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Starpfaze ir ieviesta ka apgabals ar ipasibu gradientu pildvielas dalinu tuvuma. Nanoliment
ir izskatitas vienas dalinas un starpfazes elastibas ipasibas. Ir nemta véra ari adhézijas
efektivitate starpfazes apgabala. leprieks [27] pieradits, ka starpfazes veidoSanas rezultata
absorbcijas eksperimentos palielinas robezmitruma daudzums, ka rezultata ir novérota butiska
NK elastibas modula samazinasanas. Pie tam analitiska aprékina rezultati gan NK elastibas, gan
sorbcijas Tpasibam ir augstaki, neka eksperimentali iegiitie rezultati. Tadel secina, ka starpfazes
elastibas ipasibas ir zemakas par saistvielas elastibas ipasibam.

Pienemta sekojosa pildvielas dalinas-starpfazes-saistvielas sistémas izteiksme tilpuma
modulim
K, if 0<x<R;

K(x,k,R;) =K, -(l—(KZK;Kl)-exp{wn if R, <x<R(k,R;) (5.8)

2 f

K, pretgja gadijjuma
kur x ir koordinate viendimensionala gadijuma, Kk - adhézijas efektivitate, Ry - pildvielas dalinas
biezums. Adhézijas efektivitate mainas no O Iidz 1 un raksturo pildvielas un saistvielas
mijiedarbibas speku. Starpfazes biezums R; ir definéts ka attalums no pildvielas dalinas Iidz
saistvielas materialam ar novirzi no saistvielas ipasibam 6 = 0.1%. To var aprékinat no formulas
o0-K
R/ (k,R;)=R; —R; -k-In(é—zj.
(Kz o Kl)
Formulas NK bides modulim ir iegtitas péc analogijas ar formulam NK tilpuma modulim.

Att. 5.10 ir paraditas tilpuma modula izmainas sist€émai, kas sastav no pildvielas, starpfazes
un saistvielas materialiem. Ir izmantoti cetri dazadi pildvielas saturi, kas atbilst
eksperimentalajam vértibam. No attéla ir redzams, ka, pildvielas saturam palielinoties, palielinas
ar starpfazes biezums. Tas noved pie efektiva tilpuma modula samazinaSanos attieciba uz

sistému kopuma.
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Att. 5.10. Trisfazu sistémas tilpuma modulis dazadam pildvielas saturam R; = 1, 2 un 3% (cipari uz
likném) un taisna linija — nepildita saistviela, k = 0.3.

Turklat adhézijas efektivitate butiski ietekmé starpfazes biezumu un tada veida samazina
elastibas modula veértibu, 1idz ar R; pieaugumu. Starpfazes biezuma atkariba no pildvielas satura
un adhézijas efektivitates ir paradita Att. 5.11. Ir skaidri redzams, ka, palielinoties pildvielas
saturam vai pildvielas dalinu biezumam, palielinas ari starpfazes biezums, sasniedzot maksimalo

vertibu pie augstakas adhézijas efektivitates, kad k = 1.

R, rel. vien.
3 =
2r k=1
0.7
1k 0.5
0.2
0.001R;, rel. vien.
1 L |
0 0.1 0.2 0.3

Att. 5.11. Starpfazesu biezums atkariba no pildvielas dalinas biezuma dazadam adhézijas efektivitates

vertibam.

Péc tam modulu iegutas izteiksmes ir vidgjotas pa visu sisttmu kvazidalinas nemainigu

1pasibu iegtiSanai pec formulam

1 Ri(k.R¢)
KR)=—"— [ K(xkR/)dx, (5.9)
Xmax 0
1 Ri(k,R¢)
AR =— [ 0k, R)dx. (5.10)
max 0
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Sie elastibas raksturlielumi ir izmantoti, lai novértétu NK elastibas moduli, nemot véra
adhézijas efektivitati un kvazidalinas ar novidgjotam ipasibam. Elastibas moduli nosaka,
izmantojot labi zinamu attiecibu starp elastibas raksturlielumiem
_ 9-K(R):A(k.R))

3-K(KR)+ (k. R,)

Ek,Ry) (5.11)

Galigais rezultats, attieciba uz KM elastibas moduli, ir paradits Att. 5.12. Iepriek$ minéts,
ka starpfazes elastibas modulis ir zemaks, neka poliméra saistviela. Ka redzams no §1 attéla,
adh@zijas efektivitate ievérojami ietekmé KM elastibas Ipasibas un pazemina efektivo elastibas
moduli. Interesanti atzimét, ka, pieaugot adh&zijas efektivitatei, starpfazes biezums palielinas un,
tadgjadi, palielinas ar1 pildvielas kvazidalinu saturs. Vid€joSana pa pildvielas dalinas biezumu
rezultéjas monotoni augosa funkcijas atkariba no pildvielas satura.

E; CI%Pa

46 k=0.001
0.1

I
I
I
I
42+ »

3.8

¢, %

0 5 15 25

Att. 5.12. Efektivais elastibas modulis atkariba no pildvielas tilpuma satura (punkti — eksperimentalie dati,
partraukta Iinija — aprékins p&c formulas (5.7), nepartraukta linija — aprékins péc formulas (5.11)).

Tadgjadi, KM tilpuma un bides modulu aprakstisanai ir izmantotas Norrisa izteiksmes
haotiski orientétam plaksnitém, kuras var pielietot pie maziem pildvielas saturiem, kad pildvielas
dalinas neparklajas. Vispirms, nosaciti, nanoliment ir noteiktas kvazidalinu ipasibas, nemot véra
adhézijas efektivitati un dazadu pildvielas saturu. Jaatzimé, ka pildvielas dalinu elastibas modulis
garenvirziena ir domingjoss parametrs $ajos aprékinos. Ta ka literatira ir maz datu par MMT
elastibas konstantém var secinat, ka, mainot sis veértibas, var iegtt labaku eksperimentalo datu
atbilstibu.

Saskana ar teorétiska apraksta rezultatiem, izmantojot Norrisa izteiksmes, var diezgan labi
aprakstit kvazistatiskas stiepes rezultatus. Tomer §1 apraksta rezultati ir augstaki, ko var
izskaidrot ar parametru precizo vertibu (piem., MMT mala elastigo konstanSu un proporcijas
parametra) trakumu. Viena no iesp&jam, ka izskaidrot So novirzi, ir ievest starpfazi. Nemot véra
adhézijas efektivitati un augstu pildvielas dalinu virsmu, NK gadijuma ir iegits diezgan liels

kvazidalinu saturs. Tadg] starpfazes biezums un adhézijas efektivitate var ievérojami ietekmét
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NK mehanisko uzvedibu un tade] ie parametri ir jaievéro. ST daudzlimenu analize dod iesp&ju
novertét pildvielas un starpfazes ipasibu ietekmi un saturu uz NK efektivajiem elastibas
ipasibam. Tome&r poliméri nav elastigas cietas vielas un tiem ir raksturiga ari viskoelastiga
uzvediba, tade] ir svarigi izpétit ari NK viskoelastigas ipaSibas, kas ir apskatitas nakamaja

nodala.
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6. Epoksida bazes nanokompozita viskoelastigas 1pasibas

[P6], [C3]

Poliméra bazes NK dazadu veidu pielietoSanai ir 1paSi svarigi noveértét pielietojamo
materialu ilgtermina deform&amibu un izturibu, dazadu vides faktoru ietekmes apstaklos
(slodze, paaugstinata un/vai mainiga temperatiira, un mitrums) [37, 38]. Polimé&ru pildiSana ar
mitrumu necaurlaidigam MMT plaksnitém var ietekmet NK kop€jas viskoelastigas ipasibas un
rezultata samazinat NK padevigumu mitruma absorbcijas procesa. Saja nodala ir apspriesta un
analiz&ta mitrinato NK paraugu viskoelastiga uzvediba, pie dazada pildvielas satura.

NK sludes slodzes un atslodzes rezima ir iegiitas padeviguma liknu saimes paraugiem ar
dazadu pildvielas saturu un dazadam absorb&ta mitruma daudzuma veértibam w. So liknu
aprakstiSanai ir izmantots Bolcmana-Volterra (Boltzmann-Volterra) linearais integralais
vienadojums

o

£(t) = §+éj K (t—s)o(s)ds 6.1)

ar §ludes kodolu eksponensu summas veida:

t

K(t) = Zlge 6.2)
kur, 5, un b;, i = 1, ..., n, ir retardacijas laiku spektrs. Saskana ar mitruma-laika analogijas
principu,

t=t'a,, (6.3)

kur a,(w) ir mitruma-laika redukcijas funkcija, kas raksturo izmainas retardacijas spektra,
izmainoties mitruma daudzumam materiala.
Gadijuma, kad spriegums mainas pec likuma
ot)=c,H(t)-o,H(t-1,), (6.4)

kur t = 0 un tp ir attiecigi slodzes un atslodzes laika momenti, un H(t) ir Hevisaida pakapju
&)
(o}

0

funkcija, padevigumam | (t) = ir iegiita sekojosa izteiksme

Sliides slodzes reZimam pie t<ty,

1 1 2
I(t):E+E§bI£1_e 'J, (65)

Sludes atslodzes rezimam pie t>ty,
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1 By (G
I(t) =EZbie ilen —1]. (6.6)
Mitruma-laika redukcijas funkcija ir izv¢léta attieciga veida

Ina, = W+ a,W (6.7)

Sadas funkcijas bieZi pielieto epoksida saistvielam un epoksida bazes KM [39].
Istermina $liides slodzes (7,5 st) rezultati sausajam (nemitrinatam) materialam liecina, ka
NK sltudes padeviguma liknes paraugiem ar pildvielas saturu ¢ = 0 un 4% gandriz sakrit, iznpemot

momentano padevigumu |, =1/E (Att. 6.1a). Pildvielas satura ietekme paradas saistiba ar

momentana padeviguma pieaugumu. P&tamo materialu mitrinasana noveda pie ievérojama
Sludes padeviguma pieauguma (Att. 6.1a). Acimredzot, tas saistits ar t0, ka materials ir tuvu
viskoelastigajam stavoklim.

r K, GPa’ 1/ GPa'

B 08 |

<o
<o
e O

o S
8 10 1

2

2 4 6 8 10 12 2 4 6

Att. 6.1. NK padeviguma liknes pildvielas saturam ¢ = 0 (¢) un 4 (¢)%, ¢ = 24 (1), 77 (2) un 98% (3)

Sludes slodzes (@) un atslodzes rezima (b).

Slades eksperimenti paradija, ka péc 17 st novérosanas, §lides atslodzes deformacija laika
gaita Vel turpin3ja samazinaties (skat. Att. 6.1b). Tas nozim&, ka var uzskatit, ka Sludes
deformacijas ir atgriezeniskas. Lai parbauditu So pienémumu, ir nepiecieSams, lai modela
parametri, kas ir noteikti no Sludes slodzes rezultatiem, biitu piem&rojami ari §ludes atslodzes
rezultatiem un otradi. Tad retardacijas laiku spektrus g, b;, i = 1,..., n (6.2) un mitruma-laika
redukcijas funkciju (6.7), NK ar dazadu pildvielas saturu var noteikt no slides atslodzes
eksperimentu rezultatiem. Katrai pildvielas satura ¢ vértibai, no slades atslodzes padeviguma
liknu saimes, atbilsto$i dazadam mitruma daudzumam w, ir aproksimétas ar vienadojumu (6.6),
saskana ar (6.7). Aproksimacija ir veikta, izmantojot SIMPLEX algoritmu, programma
FORTRAN, un mazako kvadratu metodi novirzei starp aprékinu un eksperimentu rezultatiem.
Retardacijas laiku sakotngjas vertibas ir izvéletas ar vienadu soli logaritmiskaja skala, t.i., 1, 10,

100, utt., un sludes kodola eksponencialo funkciju (6.2) skaits ir n = 7. Mérka funkcijas
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minimizacijas laika tika noraiditi summé&Sanas locekli ar pirmsekponentes reizinataja koeficientu

ar kartu 10™ un mazak. Rezultata, vienadojuma (6.2) ir palikusas tikai Cetras eksponentes.

0.8 r/,GPa’ 408, GPa’ b
0.6 pa 0.6
04 F 0.4
02 }e 0.2
" In t, [s]
O L b 1l [
2 4 6 8 10 12 2 4 6 8 10 12

Att. 6.2. NK eksperimentali noteiktas padeviguma liknes $lides atslodzes (@) un slodzes rezima (b)
pildvielas saturam ¢ = 4%pie w = 0 (m), 2,04 (@), un 3.52% ( A), to aproksimacija ar izteiksmi (6.6),
saskana ar (6.7) (a), un aprékins p&c izteiksmes (6.5), saskana ar (6.7) (b).

Piem@ram, Att. 6.2a ir paraditas aproksimé&tas s§ludes atslodzes padeviguma liknes NK ar
pildvielas saturu ¢ = 4%. lzmantojama modela atbilstibas parbaude paradija Sludes slodzes
eksperimentu apmierino$u aprakstu (Att. 6.2b). Retardacijas laiku spektri un mitruma-laika
redukcijas funkcija NK ar dazadu pildvielas saturu, iegtti no padeviguma liknu aproksimacijas,
ir attiecigi doti Att. 6.3 un Att. 6.4. Redzams (Att. 6.3), ka retardacijas laiku spektri NK ar ¢ = 2
un 4% gandriz neatskiras no saistvielas spektra: tam ir kopiga amplitiidas apliecgja. Tomeér NK
ar ¢ = 6% Sie spektri atskiras: retardacijas laiki palielinas, bet to intensitate nedaudz samazinas.
Ta rezultata spektra apliecgja ir plakanaka, salidzinot ar spektru apliecgju saistvielai un NK pie ¢
< 6%.
4r Inb,

Int,,

20

12 L

Att. 6.3. Retardacijas laiku spektri NKar ¢ = 0 (0), 2 (o), 4 (A), un 6% (0).

Mitruma-laika redukcijas funkcijas NK ar dazadu pildvielas saturu (skat. Att. 6.4) ir
nelinearas, icliektas linijas, kas raksturo arvien lielaku absorbéta mitruma ietekmi, palielinoties
mitruma daudzumam materiala. Mitruma-laika redukcijas funkciju salidzinajums, NK ar dazadu
c, liecina, ka mazs pildvielas saturs (c = 2%) vajina mitruma ietekmi uz KM saistvielas
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viskoelastigam 1ipasibam. Iesp&jams, ka tas ir saistits ar pildvielas dalipu un saistvielu
makromolekulu mijiedarbibu un tai sekojosu fizikalo saiSu veidosanos. lesp&jams, ka kada dala
no absorb&ta mitruma atrodas starpfazes slani [27]. Pieaugot pildvielas saturam, mitruma
ietekme uz KM saistvielas viskoelastigajam ipasibam palielinas, un pie ¢ = 6% klust vienada ar
tiras saistvielas mitruma-laika redukcijas funkciju. Tadgjadi, pildvielas dalinas atslabina NK

saistvielas struktiiru, un relaksacijas procesu atrums lielo laiku apgabala samazinas.
10 f Ina,

Att. 6.4. Mitruma-laika redukcijas funkcijas NK ar ¢ = 0 (¢), 2 (1), 4 (A), un 6% (o), iegitas no $lades
atslodzes liknu saimes aproksimacijas péc izteiksmém (6.6) un (6.7) materialam ar dazadu mitruma

daudzumu.

NK robezmitruma daudzuma ietekme uz viskoelastigajam 1paSibam izpauZzas piespiestas
elastibas robezas sprieguma izmainas, kas izriet no kvazistatiskajiem stiepes eksperimentiem
(skat. Att. 5.2b). Saskana ar Eiringa (Eyring) vienadojumu, piespiestas elastibas robezas (augs¢ja
plistamibas robeza spriegumam) atkaribai no deformacijas atruma ir sekojosa izteiksme

o, =A+Bln¢. (6.8)
Nemot véra viskoelastibas relaksacijas raksturu &r; = const,,

. 0
N —In’=_ina,, (6.9)
&y

T

t.i., piespiestas elastibas robezas izmainam jakorelg ar redukcijas funkciju. ST korelacija tie$am
eksiste: NK ar dazadu pildvielas saturu, piespiestas elastibas robeZzas izmainas ir tiesi
proporcionalas mitruma-laika redukcijas funkcijai (Att. 6.5). ST korelacija var kalpot par pamatu
alternativajai mitruma-laika redukcijas funkcijas noteikSanai, proti, izmantojot kvazistatisko

eksperimentu rezultatus pastavigas deformacijas atruma rezima.
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Att. 6.5. Mitruma-laika redukcijas funkcijas (6.7) korelacija ar augsgjas plistamibas robezas sprieguma
izmainam kvazistatiskos stiepes eksperimentos NK arc =0 (+), 2 (m), 4 (A), un 6% (e).

Pastav alternativs veids redukcijas funkcijas noteikSanai — no tilpuma deformacijas [39].
Pienemot, ka nepildita poliméra saistviela ir izotropa, tilpuma izpleSanas deformacija ir

AV . . . . . . .
— =3¢, un, izmantojot attiecibu starp redukcijas funkciju un tilpuma izmainam [40],

0

1AV 1

Ina, =———~ (6.10)
fo Vo g, 1AV
fO VO

ir dabaita mitruma-laika redukcijas funkcija (Att. 6.4), kas atbilst $ltides eksperimentos noteiktai
pie fo = 0.062.

6 Ina,
4k
2k
w, %
J
0 1 2 3 4

Att. 6.6. Mitruma-laika redukcija epoksida saistvielai: punkti — aprékins péc formulas (6.10), nemot véra
izpleSanas deformacijas un mitruma daudzumu sakaribu; Iinija — $liides atslodzes liknu saimes

aproksimacija, kas dota Att. 6.4.

Tadgjadi, pamatojoties uz mitruma-laika analogijas principu, ir iegiita epoksida saistvielas
mitruma-laika redukcijas funkcija, kas korelé ar paraugu tilpuma izmainam mitrinasanas laika.
Tas lauj novértét redukcijas funkciju no paraugu izpleSanas rezultatiem. Savukart, noteikta
mitruma-laika redukcijas funkcijas korelacija ar piespiestas elastibas robezas izmainam norada

uz NK paraugu ar dazadu mitruma daudzumu, deformacijas viskoelastigo raksturu.
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Poliméru KM viskoelastigas ipasibas ir pilniba saistitas ar apkartéjas vides apstakliem
(temperatiiru, mitrumu). Palielinoties temperatiirai, molekularo parkartojumu frekvence pieaug,
bet retardacijas laiki samazinas. Tad&jadi, NK paraugu, absorbgjot mitrumu, uzvediba atskiras.
Tas izpauzas ar1 NK stikloSanas temperatiiras atSkiriba. Epoksida bazes NK termofizikalo
ipaSibu ipatnibas un to sasaiste ar struktiras izmaipam mitrinaSanas procesa ir apspriestas

nakamaja nodala.
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7. Epoksida bazes NK termofizikalas 1pasibas un struktiiras izmainas pie

mitrinasanas

[P3], [C3]

NK paraugu fazes un relaksacijas pareju tpatnibas ir izpétitas, izmantojot termomehaniskas
analizes metodi (TMA), bez ar¢jas slodzes. Tipiskas TMA Iiknes NK paraugiem, izturétiem lidz
piesatinajuma stavoklim vidés ar relativo mitrumu no 24 Iidz 98%, ir att€lotas Att. 7.1. Redzams,
ka visiem NK, tostarp ari tiem, kas atrodas vidé ar mitrumu 77%, TMA Iikném pastav $aurs
temperatiiras apgabals (5-10°C) ar strauju deformacijas rakstura izmainu, kad sildisanas laika
paraugu izpleSanas pie temperatiiras Ty ir aizstata ar sarau$anos. P&c tam, pie temperatiras To,
tikpat atri sakas jauns deformacijas pieaugums. Sadas atkaribas ir raksturigas amorfiem
polim@riem, Kuros, izejot caur stikloSanas temperaturu Ty, diezgan atri notiek Kristalizacija, kas

noved pie materiala sacietésanas. Talak spontani sakas izveidoto kristalitu kuSana, kas izraisa

TMA liknu kapumu.
& % a g, % b
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Att. 7.1. TMA liknes NK paraugiem ar ¢ = 4%, ¢ = 24% (@) un 98% (b) (sildisanas-dzes&sanas kartas

numurs (1, 2)).

NK saistvielas sarukums ir saistits ar kristalizaciju, kas ir eksperimentali apstiprinats ar
parbaudes eksperimentiem, paraugus vairakkart sildot Iidz 70 °C un dzesgjot Iidz 20 °C. Att. 7.2
ir paraditas triju sildiSanas-dzeséSanas ciklu TMA liknes, kas liecina, ka katra cikla
kristalizacijas procesa ir noverots paraugu rukums un tam sekojoSais kaus€Sanas process, ar
spontanu paraugu pagarindjumu. Lidz ar to, nordditaja temperatiiras apgabala 20-70 °C
parstrukturéSanas procesi poliméra saistviela notiek atgriezeniski, kristalizacija sakas pie T, = 41-

45 °C, un kugana pie T, = 46-50 °C.
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Att. 7.2. TMA liknes epoksida saistvielai pie ¢ = 24% (sildiSanas-dzes€Sanas kartas numurs (1, 2, 3)).

Savukart, rentgena struktiiras analize apstiprina, ka péc paraugu sakotngjas atlaidinasanas,
pie temperatiiras 80 °C un tai sekojosas zavesanas vidé ar relativo mitrumu 24%, saistviela ir
saglabata kristaliska faze (skat. Att. 7.3 difraktogrammu 1). MMT nanodalinu ieklausana NK
sastava (difraktogrammu 2), izraisa NK epoksida saistvielas kristaliska refleksa (intensitates
maksimuma) parametru izmainu. Piem., ta izraisa starpplak$nu attaluma d pieaugumu un lidz ar
to iek$gja sprieguma izmainas NK.

J10°, Imp/s

241

16

d, nm

R 1

0 2 4

Att. 7.3. Difraktogrammas NK paraugiem ar ¢ = 0% (1) un 6% (2).

Eksiste zinamas griitibas stikloSanas temperatiiras Ty noteikSana no TMA likném, jo
stikloSanas temperattras sasniegSana ir priekSnosacijums NK saistvielas kristalizacijai. Pienemts,
ka atstikloSanas un kristalizacijas procesa sakumposms norit gandriz vienlaicigi. Tad€] pienemts,
ka TMA-Iikném deformacijas maksimala temperatira T; (Att. 7.1), kas raksturo kristalizacijas
temperatiiru, atbilst arT stikloSanas temperattirai Ty. Tad&jadi, pielietojot TMA analizi, NK ar
dazadu pildvielas saturu mitruma ietekmé, paradits (Att. 7.4), ka NK stikloSanas temperatiira
samazinas no 45 lidz 35 °C, pieaugot mitruma daudzumam NK, savukart, NK stiklo$anas
temperatiira, attieciba uz pildvielas saturu, vidés ar vienadu relativo mitrumu, mainas
nenozimigi.
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Att. 7.4. StikloSanas temperatiiras atkariba no vides relativa mitruma NK ar c =0 (¢), 2 (0), 4 (A),
un 6% (m).

Vaj§ pildvielas pastiprinasanas efekts, iesp&jams, ir saistits ar zemu poliméra
makromolekulu un pildvielas dalinu starpkézu mijiedarbibu, ka arT ar iesp&jamu pildvielas dalinu
aglomeraciju [14]. Savukart, epoksida sveku un NK stikloSanas temperatiiras samazinasanas ar
mitruma daudzuma pieaugumu (skat. Att. 7.4) liecina, ka absorb&tais mitrums plastifice
materialu, t.i., veicina poliméra makromolekulu mijiedarbibas intensitates samazinasanos un
segmentu mobilitates pieaugumu, kas izraisa relaksacijas procesu paatrinajumu. Epoksida sveku
un NK stiklo$anas temperatiira ir novirzita temperattiras apgabala, kas tikai par 10-20 °C atskiras
no istabas temperatiiras, t.i., temperatiiras, kura notiek mehaniskie eksperimenti. Tadél slodze var
izraisit epoksida saistvielas pareju uz viskoelastibas apgabalu, kuram ir raksturigas lielas
deformacijas. Dota epoksida saistviela ar palielinato mitruma daudzumu atrodas parejas apgabala

no stiklveida uz viskoelastigo stavokli.

Amim,,%

Att. 7.5. Masas zudumi NK paraugiemar c =0 (¢), 2 (m), 4 (A), un 6% (e) pie ¢ = 98%.

Termogravimetriskas analizes masas zudumu likngs (skat. Att. 7.5) ir redzams, ka
temperatiiras apgabala 80-170 °C, masas zudumu process notiek atrak. Tas labi atbilst termiskas

izplesanas koeficienta samazinasanai. Maksimalie masas zudumi ir nov&rojami paraugiem,
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uzturdtiem vidé ar relativo mitrumu 98%. Piem., NK ar ¢ = 6% masas zudumi pie T = 150 °C ir
1,5%, bet saistvielai tie ir 2% pie tadiem pasiem nosacijumiem. Tomér noteikta masas zudumu
atkariba no pildvielas satura nav novérota. Vél lielaka temperatiiras palieclinasana izraisa masas
zudumu atruma samazinasanos. Vadoties péc gandriz linearas savstarpgjas mitruma daudzuma
un masas zudumu atkaribas (Att. 7.6), var secinat, ka NK paraugu, sildisanas laika Iidz 280 °C,

domin& mitruma desorbcijas process.

I
05 0 0.5 15 25 w, %

Amim,,%

Att. 7.6. Mitruma daudzums NK paraugos ar c = 0 (#), 2 (m), 4 (A), un 6% (e) atkariba N0 masas

zudumiem sildiSanas laika.

Noteicot attiecibu starp NK termofizikalajam ipasibam un struktiiras izmainam, TMA
analize ir pielietota epoksida bazes NK paraugiem péc kvazistatiskiem stiepes (Att. 5.1) un
$lides eksperimentiem (Att. 6.1). Sim noliikam paraugi, mitrinatie vidé ar ¢ = 98%, tika ieprieks
deforméti kvazistatiskaja rezima, kad & = const un §lades rezima, kad o = const, kamér pilnigi
viss parauga darba platums nonaca ,,kaklina”. Tad paraugi tika izgriezti stiepSanas gareniskaja un
Skérsvirziena. Analiz&ot TMA liknes (Att. 7.7a), ir redzams, ka so NK paraugu termiskas
izpleSanas savstarp€ji  perpendikularos virzienos ievérojami atSkiras. Ir noverotas
termomehanisko raksturlielumu anizotropas izmainas. Lidzigi rezultati ir iegiti ari NK
paraugiem péc Sludes eksperimentiem. NK paraugiem, kas ir izgriezti stiepsanas virziena gan
péc kvazistatiskas stiepes, gan péc eksperimentiem s§ludg, ir skaidri redzama TMA liknu
lidziba (Att. 7.7b). Piem., stikloSanas temperatiiras apgabala to linearie izméri strauji samazinas.
Tomér paraugi, kas ir orientéti §lades rezima (Iikne 2), saraujas lielaka méra, un process turpinas
Sauraka temperatiiras diapazona, neka paraugiem, orientétiem kvazistatiskaja stiepé (likne 1).
Temperatiirai sasniedzot 37 °C (3ltides reZima orientétiem paraugiem) un 64 °C (kvazistatiskaja
stiepes rezima orient€tiem paraugiem), tikpat atri ka rukumam, sakas spontanais paraugu

izpleSanas process.
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Att. 7.7. TMA Tiknes NK paraugiem, izgrieztiem paraugu $kers- (1) un gareniskaja (2) stiepSanas virziena

kvazistatiskaja stiep€ (a) un paraugiem, izgrieztiem gareniskaja stiepSanas virziena kvazistatiskaja stiepé
(1) un slude (2) (b).

No TMA likpu salidzinajuma neslogotajiem NK paraugiem (Att. 7.1b), ir redzams, ka
orientéto paraugu kristalizacija sakas pie zemakas temperatiiras. Savukart, rukuma vértiba, kas ir
proporcionala poliméra saistvielas kristaliskuma pakapei, ir daudz lielaka neka slogotiem
paraugiem. Tas ir izskaidrojams ar to, ka orientacijas laika notiek ievérojama NK struktiiras
parkartoSanas, un, tadgjadi, ta pareja uz kristalisko strukttru ir Krietni atvieglota. Sekojot
kristalizacijai, fibrillu agregatu izméri nav pilniba atgtti NK paraugos. Taja pasa laika, TMA
liknes paraugiem, izgrieztiem orientacijas pretéja virziena, péc kvazistatiskajiem stiepes un
Slides eksperimentiem, rezultati liecina, ka tas gandriz sakrit attieciba uz deform&amibas
izmainas raksturu un tas vértibu. Otra cikla paraugu TMA liknes liecina, ka neslogotiem
paraugiem, eksisté tikai viena pareja, kas ir saistita ar NK atstiklosanos.

Rentgena struktoras analizes dati korele ar struktiiras izmainam NK pie lielam
deformacijam. Att. 7.8 ir paraditas meridiana un ekvatora difraktogrammas NK paraugiem,
slogotiem lidz sabruksanai. Redzams, ka mazo lepku apgabala ekvatora difraktogramma ir
noverojams maksimums, ko izraisa kristaliskas fazes eksistence. Taja pasa laika tas nav
noverojams meridiana difraktogrammai. To var izskaidrot ar to, ka, stiepSanas procesa, materials
ieglist gandriz pilniba fibrilétu orientétu struktiiru, kas noved pie raksturigas mikroplaisu
pazuSanas. Acimredzot, notiek mikroplaisu savienosana, tadél meridiana difraktogramma nav

noverota diftiza izkliede.
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Att. 7.8. Difraktogrammas ieprieks deformétiem NK paraugiem ar ¢ = 6%, izgrieztiem no "kaklina"
apgabala: meridians (1); ekvators (2).

No iepriek§ min&tajiem datiem izriet, ka NK nelidzsvarotas strukttiras termomehaniskas
uzvedibas Tpatnibas, p&c stiepsanas, licla méra nosaka sakotngjais saistvielas daudzums. Tas
nonak orientéta stavokli, kura veidojas fibrillu agregati un mikroplaisas. lzmainas notiek
stikloSanas temperattiras apgabala un tade| tiem ir virsmolekularais raksturs. NK paraugus sildot,
fibrillas iegtist lielaku mobilitati, un notiek koagulacijas procesi. Tas noved pie fibrillu
savstarpgjas dezorientacijas un starpfazes apgabalu samazinasanos, kas makroskopiski paradas
ka NK rukums.

ST nodala noslédz kompleksu mehanisko un termofizikalo Tpasibu izpéti epoksida bazes
NK, pilditam ar MMT nanodalinam, pie ta mitrinasanas. Noteikta termofizikalo un mehanisko
pasibu sasaiste ar struktiiras izmainam, kas ir novérota epoksida bazes NK paraugu mitrinasanas
un deformacijas procesos. Ta ir ir noteikta pie dazadiem slodzes pielikSanas reZimiem un
dazadam temperatiram. Darba galvenie secinajumi un rezultati, ka ari to praktiska nozime un

zinatniska novitate, ir apspriestas un analizétas nakamaja nodala.
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8. Darba galvenie rezultati, praktiska nozime, un zinatniska novitate

Dazadu epoksida sveku un epoksidsveku-mala nanokompozita kompleksas sorbcijas,
mehaniskas un termofizikalo 1pasibu izpétes galvenie rezultati ir sekojosi:
1. Pétama epoksida-mala nanokompozita absorbcija ir pietiekami labi aprakstita ar Fika
modeli pie visiem pildvielas saturiem 0-6% p&c masas, un vides ar relativo mitrumu 24, 77, un
98%. Eksperimentali ir pieradits, ka sorbcijas process NK norit daudz 1énak neka epoksida
saistvielas paraugos, un NK ar augstako pildvielas saturu difuzijas koeficients samazinas par
pusi, salidzinot ar difuzijas koeficientu epoksida saistvielai. Mala nanodalinas darbojas ka
efektivas barjeras pret mitruma parnesi. Robezmitruma daudzuma pieaugums, kas ir novérots
NK ar pildvielas satura pieaugumu, ir izskaidrots ar starpfazes satura pieaugumu. Ir noteikta
ipatngja starpfazes sorbcijas ietilpiba NK uz 1% pildvielas un iegiita starpfazes sorbcijas
izoterma.
2. Konstatéta butiska mitruma ietekme uz mehaniskajam ipasibam. Absorbétais mitrums
ievérojami plastificé kompozitu, izmainot ta sabrukuma raksturu. Mitrinato kompozitu stiepes
stipriba samazinas divas reizes. Gan mitrinatu epoksida saistvielas, gan NK ar dazadu pildvielas
moduli elastibas modulis samazinas aptuveni par 1/3, salidzinot ar nosaciti sakotn&jo stavokli.

2.1. Pildvielas morfologisko Tpatnibu ietekmes novértésanai, attieciba uz NK elastibas
ipasibam, ir modificéti Halpina-Tsai vienadojumi slanveida silikata plaksniSu gadijumam.
Sie vienadojumi ir pielietoti NK efektivo elastibas modulu noteiksanai, NK paraugiem ar
dazadu mitruma daudzumu. Vienadojuma parametri, kas ir ieghiti paraugiem no sausas
vides, ir izmantoti mitrinatu NK paraugiem, kas dod iesp&ju noveértét poliméra saistvielas
struktiiras, izmainas, mitruma absorbcijas dg].

2.2. Starpfazes ietekmes novértésanai uz NK elastibas ipasibam, ir iegitas izteiksmes
epoksida-mala NK tilpuma un bides moduliem, modificgjot Norrisa izteiksmes izotropai
saistvielai ar haotiski orientétam plaksnit€ém. Vispirms, nanolimeni ir novértétas
kvazidalinu 1pasibas, nemot véra adhézijas efektivitati, pie dazada pildvielas satura. Tad
epoksidsveki ir pilditi ar §Tm kvazidalinam un ir piemérots mikromehanikas modelis
epoksida-mala NK elastibas ipasibu noteikSanai. ST nano- un mikrolimenu analize lauj
novertet pildvielas un starpfazes ipasibu un satura ietekmi uz NK efektivajam elastibas
1pasibam kopuma.

3. Epoksida sveku un NK viskoelastigo 1pasibu atkariba no absorb&ta mitruma daudzuma ir
aprakstita, balstoties uz mitruma-laika analogijas principu.

3.1. Retardacijas laiku spektri NK ar pildvielas saturu 6% atSkiras no retardacijas laiku

spektra epoksida saistvielai: retardacijas laiki palielingjas, bet to intensitate nedaudz
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samazinas. Mitruma-laika redukcijas funkcijas vértiba NK ar pildvielas saturu 2% ir
mazaka, salidzinot ar epoksida svekiem. Pildvielas saturam palielinoties v&l vairak,
redukcijas funkcijas parametri palielinas.

3.2. Konstatéts, ka mitruma-laika redukcijas funkcija koreleé ar NK piespiestas elastibas
izmainam, kas norada uz deformacijas viskoelastigo raksturu, NK paraugiem ar dazadu
mitruma daudzumu.

3.3. Noteikta epoksida sveku mitruma-laika redukcijas funkcijas un tilpuma izmainu
korelacija, kas lauj novértet mitruma-laika redukcijas funkciju no paraugu izpleSanas
datiem.

4. NK mitruma absorbcija izraisa materiala plastifikaciju un stikloSanas temperatiiras
samazinasanos par 10 °C. Mitruma ietekmes dél, ir bitiski mainijies NK deformacijas
mehanisms. Mitrinatiem NK paraugiem ir novérotas lielas deformacijas un orientétu apgabalu
veidoSanas (,,kaklins”), stiepSanas procesa. Termiska izpleSanas ievérojami atSkiras NK
paraugiem, izgrieztiem savstarpgji perpendikularos virzienos péc stiepes kvazistatiskiem un
Sludes eksperimentiem. Ir novérotas termomehanisko raksturlielumu anizotropas izmainas.
Rentgenstruktiiras analizes dati korelé ar NK struktiiras izmainam pie lielam deformacijam.
5. Mitruma necaurlaidigu mala nanodalinu ar augstam mehaniskajam ipasibam ieklauSana
kompozita sastava nesamazina absorb&ta mitruma negativo ietekmi uz NK mehaniskajam
ipasibam. Bet, ta ka epoksida sveku elastibas modula vértiba ir uzlabota atkariba no pildvielas
satura lidz 20%, epoksida svekus, pilditus ar necaurlaidigam cietam montmorillonita mala
nanodalinam, var rekomendgt pielietoSanai vides ar augstaku ekspluatacijas relativo mitrumu.
Dazadu epoksida sveku un to bazes kompozitu sorbcijas, mehanisko un termofizikalo
ipasibu kompleksas izpétes praktisko nozimi raksturo iegtitie rezultati jauno kompozitmaterialu
noturibas noveértésanai, dazadu apkartgjas vides faktoru (temperatiira, mitrums, slodze, u.c.)
iedarbiba. Sie rezultati lauj novértét iespgjamus pielietojumus nanomala kompozitmaterialiem
vides faktoru iedarbiba, kas var paplasinat poliméru kompozitu materialu pielietosanu
buvniecibas un tehnologijas nozarés. Ta ka kompozitu pielietosana dazadas dzives sferas klast
nenoverSama, neatjaunojamo dabas resursu zuduma dél, KM pielietosanas efektivitatei un
drosibai ir jabiit garantetam ar pareizu ekspluatacijas 1pasibu izpéti dazadu faktoru iedarbiba.
S1 darba ietvaros ir izvirzitas sekojo3as tezes, kuram ir zinatniska novitate:
1. Epoksida-mala NK mitruma absorbcijas modeléSana un sorbcijas ipaSibas noteikSana ir
svarigi nemt vera saistvielas nehomogenitati un starpfazes veidosanos;
2. Halpina-Tsai vienadojumu modific€sana izotropai poliméra saistvielai ar transversali
izotropam cilindriskam dalinam, ar patvaligu malu attiecibu un haotisko pildvielas dalinu

orientaciju, lauj noveértét KM tilpuma un bides modulus. Ta rezultata noteikts epoksida-mala NK
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efektivais elastibas modulis, nemot véra pildvielas morfologiskas ipatnibas (pildvielas dalinu
slanveida struktiiru un nehomoggnas starpfazes veidosanos);
3. Konstatéta NK mitruma-laika redukcijas funkcijas korelacija ar piespiestas elastibas
izmainam un tilpuma izmainam, mitrinasanas dél, norada uz deformacijas viskoelastigo raksturu
NK paraugiem, ar dazadu mitruma daudzumu, kas lauj to novertét, pamatojoties uz paraugu
izpleSanas datiem.
4. Noteiktas NK termomehanisko raksturlielumu anizotropas izmainas, savstarp&ji
perpendikularos virzienos, péc stiepes kvazistatiskiem un slides eksperimentiem, labi korelé ar
rentgena struktiiras analizes datiem.

Promocijas darba galvenie rezultati ir publicéti 6 zinatniskajos rakstos [P] un 3 konferencu
materialos [C], ka arT apspriesti 12 starptautiskajas konferencés (konferencu t€zes nav icklautas

promocijas darba).
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Abstract
The doctoral thesis generalizes results of complex research of mechanical and

thermophysical properties of epoxy-based nanocomposites and is presented as a set of scientific
papers.

Polymers and composites are usually exposed to influence of external factors (temperature,
humidity, mechanical loading, etc.) which cause a time-dependent change of their structure and
properties due to physical and chemical transformations. Thus, predicting mechanical and
thermophysical properties of composite materials, it is necessary to consider results of research
about structure and properties time-dependent variability of polymer resins under the influence
of external factors.

The aim of the work is to establish features of moisture absorption and to estimate
influence of the absorbed moisture on mechanical and thermophysical properties of epoxy based
nanocomposites.

For this purpose at first the kinetics of moisture absorption of epoxy matrix and composites
on their basis was experimentally investigated in a wide interval of humidity. For the description
of moisture absorption kinetics the comparative analysis of known sorption models is denoted
and features of their application are analyzed. The model considering influence of an interphase
is offered based on the results obtained for equilibrium moisture content for the nanocomposite.
The density of this layer is assumed to be lower than for polymer resin owing to distinction of
cross-linking. It is shown that the increase of filler content and consistently interphase leads to
greater moisture absorption of composite materials.

Relatively high moisture absorption of epoxy resins causes changes in their structure and
properties in time and there is subsequent deterioration of elastic properties of composites.
Elastic characteristics of composite materials are investigated experimentally and are described
by means of micromechanical models. It is shown that elastic modulus of polymer resin in a
composite material depends on filler content and decreases with the increase of moisture content.
The consideration of morphological features of filler particles (presence of layered structures and
formation of an interphase) in a composite material and their influence on elastic characteristics
of composite in whole is presented.

Viscoelastic behavior of epoxy resin and epoxy-nanoclay composite are analyzed after
long-term influence of moisture. Application of thermomechanical analysis allowed establishing
the basic regularities for glass transition temperature for nanocomposite with different filler and
moisture contents. The experimentally obtained sets of creep and creep recovery curves for
nanocomposite with different filler and moisture contents are approximated by means of the
linear integral equation of Boltzmann-Volterra, considering a principle of moisture-time analogy.
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It is shown that function of a moisture-time reduction correlates with change of a yield stress and
volumetric change of nanocomposite samples during moistening that indicates viscoelastic
character of deformation of nanocomposites and is confirmed by results of dilatometry.

Main results of doctoral thesis are published in 6 scientific articles [P] and 3 conference
proceedings [C], and also reported at 12 international conferences.

The investigations were carried out at the Institute of Polymer Mechanics, University
of Latvia, in 2003 — 2010.
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1. Introduction, aim, and tasks of the work

It’s well recognized that all history of mankind development is connected with the
invention of some kind of composite materials (CM) which have become a push to technics and
civilization development. The very first bricks and the pottery which have appeared app. 5000
years BC contained the crushed stones or reinforcing straw. Ancient potters regulated even
porosity of the products. In the beginning of the first millennium Romans have invented the
concrete which to high extent influenced building and civilization development.

The present time is remarkable for high rates of scientific and technical progress. The rapid
development of modern technics demands more and more new materials having advanced
properties. Materials having high durability, hardness, heat and corrosion resistance etc. and a
joint combination of these properties are required. The main advantages of polymer composites
over traditional kinds of materials (metals, ceramics, wood etc.) is a unique combination of
properties (strength, deformation, impact, elastic, rheological, adhesive, electric, frictional,
thermophysical etc.) and also a possibility to control material properties changing composition
and conditions of manufacture.

Moisture absorption of epoxy resins leads to their time-dependent change in their structure
and subsequent deterioration of properties. In order to minimize this negative effect of moisture
on functional, structural, and mechanical properties of polymer composites the scientific and
industrial interest is devoted to polymer/layered silicate nanocomposites (NC). Polymer NC
include different types of matrix (thermoplastic, thermosets, or elastomers) filled with small
quantity (less than 6% by weight) of nanosized (less than 100 nm at least in one dimension)
particles. The excellent barrier capability with significantly reduced permeability of moisture and
gases is one of the most attractive and useful properties that have not been fully explored in the
past. The key to such performance rests in the ability to exfoliate and disperse individual, high-
aspect ratio silicate platelets within the polymer matrix [1]. The complete dispersion of clay
nanolayers in a polymer optimizes the number of available reinforcing elements for carrying an
applied load and deflecting cracks. The coupling between the tremendous specific surface area of
the clay (S =~ 800 m%g) and a polymer matrix facilitates stress transfer to the reinforcement
phase, allowing for such tensile and toughening improvements [2].

One of the most prominent silicate nanofillers is montmorillonite (MMT). It belongs to
phyllosilicate group of minerals that typically form in microscopic crystals. MMT, a member of
the smectite family, is a 2:1 clay, meaning that it has 2 tetrahedral sheets sandwiching a central
octahedral sheet. The particles are plate-shaped with an average thickness of one nanometer and

diameter of approximately one micrometer. Due to dispersion of MMT nanoparticles with high
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length to thickness ratio in polymer matrix, the obtained system can effectively operate as
composite with anisotropic properties at nanolevel that is particularly useful for different
applications. The attractive characteristics suggest a variety of industrial applications for NC:
automotive (gas tanks, bumpers, interior and exterior panels), constructions (building sections
and structural panels), aerospace (flame retardant panels and high performance components),
electrical applications and electronics (electrical components and printed circuit boards), food
packaging (containers and wrapping films) [3, 4]. The production and investigation of polymers
composites belongs to material science area that is one of priority areas in Latvia (,,Innovation
materials and technologies (nano-structured multifunctional materials and nanotechnologies)”)
and worldwide.

Epoxy resins widely used as composite matrix are very attractive due to their high strength
and stiffness, high temperature resistance, low volatility, creep and shrinkage, good adhesion to
metal and ceramic substrates. Nevertheless epoxy resins have a major drawback of moisture
absorption, which in turn degrades the functional, structural and mechanical properties of the
composites [5-7].

It is essential to investigate mechanical, thermal and barrier properties of NC and to
estimate their steadiness to environmental effects. The improved stability of polymer NC could
broaden their application in techniques and construction.

Change of structure and properties of polymers in time due to physical and chemical
transformations under the influence of external factors (temperature, humidity, loading, etc.)
leads to change of structure and properties of composite materials. The forecast of such changes
is necessary to formulate basing on investigation results of time-dependent variability of
structure and properties of polymers.

Usually polymer resins in a composite material are non-uniform, forming an interphase
with more or less expressed border near the filler particles. The density of interphase could be
above or below density of polymer resin owing to distinction of cross-linking and porosity
degree. Thus morphological features of filler particles (layered structure and presence of
interphase near the border of particles) could influence properties of a composite: elasticity
characteristics, durability, and kinetics of moisture absorption, swelling and fracture character.

Therefore the aim of the work is to establish features of moisture absorption and to
estimate influence of the absorbed moisture on mechanical and thermophysical properties of
epoxy resins and epoxy-clay NC.

For this purpose the following objectives have been set:

1. To ascertain experimental regularities and to model the kinetics of moisture

absorption of investigated epoxy resins and epoxy-clay NC in a wide range of humidity;
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2. To establish effect of moisture on deformability of epoxy-clay NC and its
components, to describe mechanical properties of NC by means of analytical models
taking into account filler morphological peculiarities and to verify effect of moisture on
deformability of NC incorporating silicate nanoparticles;

3. To forecast long-term creep of investigated materials using method of moisture-
time analogy and to estimate change of retardation time spectrum and reduction function of
polymer resin by addition of silicate nanoparticles;

4. To establish the interrelation of thermophysical and mechanical characteristics of
epoxy-clay NC, having absorbed moisture, with the structural changes accompanying

deformation at various schemes of loading and temperatures.

63



2. Overview of current scientific verities for investigation of mechanical
and thermophysical properties of epoxy resins and epoxy-based nanoclay

composites

Composite materials based on polymers are frequently exposed to a humid environment.
Water molecules, as well as low-molecular substances, are able to move in a polymeric binder
and change its physical properties. The key parameters determining the mechanism of moisture
sorption are the chemical composition and microstructure of the polymers.

The moisture sorption in epoxy resins and composites based on them is investigated rather
well. Different models have been suggested for describing the water sorption kinetics [8-10]. It is
usually assumed that the moisture sorption in epoxy resins proceeds by diffusion according to
Fick’s law [8, 11]. Such a model, which suits well the initial stage of moisture sorption, is often
inadequate for describing the moisture sorption process as a whole. The moisture sorption can
activate different processes in a material, which, in turn, affect the water sorption kinetics
(chemical reactions, leaching of low-molecular components, etc.). Therefore, for each
investigated material it is necessary to estimate the applicability of different moisture transport
models to describing experimental data on water sorption in epoxy binders and to determine the
most adequate ones.

In order to minimize the negative effect of moisture on functional, structural, and
mechanical properties of polymer composites the scientific and industrial interest devoted to
polymer/layered silicate nanocomposites due to their outstanding properties and possible novel
applications have resulted in numerous studies [12-14].

Owing to high shape-anisotropy and surface of the exfoliated silicate layers they act as
efficient barriers against moisture transport through the material and cause an increase in the
path length for molecules diffusing through the polymer. Since absorption of water reduces the
elastic characteristics of hydrophilic polymers, the addition of nanoparticles to minimize the
negative effects of water uptake is particularly useful [6, 15-16]. The reduction of moisture
absorption in turn can suppress the internal damage and progress to improved long-term
performance of the NC.

Although there have been numerous material syntheses, tests and characterizations of
layered silicate-filled NC in the literature, the fundamental mechanisms are not fully clear and
are rarely discussed [17]. Therefore a better understanding and prediction ability is significant in
accelerating development and application of NC.

It should be emphasized that effective properties of two-phase composites have been

extensively studied and various micromechanical models have been developed [18-25]. The
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basis of these micromechanics models is elastic solution of an infinite matrix containing one
inclusion. Nevertheless many authors proposed that apart from two base phases there is an
interphase between particle and matrix and its properties should be taken into account [20, 21].

In the structural hierarchy of polymer-clay NC at least two states can be assigned: 1) state
of total exfoliation of clay platelets with characteristic parameters as thickness and dimensions in
the plane of platelets; and 2) state of incomplete exfoliation of clay platelets and characteristic
parameters as thickness and dimensions in the plane of intercalated layered stacks [25]. The
aspect ratio and orientation of anisometric particles determine their reinforcement degree.
Nevertheless, it is difficult to control the orientation of plane particles during processing of
composite and the real distribution of their orientation could be rather complex, the
determination of the effective elastic constants of transversely isotropic layers of a NC with
coplanar orientation of such particles is of great importance. The data obtained in this case could
serve as initial for a further analysis of the elastic properties of a composite with disoriented
nanoparticles taking into account their orientational distribution in the material [25].

Another point is that anisotropy of the layered silicate should be considered. A single layer
of montmorillonite clay is a monoclinic crystal composed of two silica tetrahedral sheets and a
central octahedral sheet [22]. Taking into account the hexagonal configuration of the
tetrahedrons in the two tetrahedral sheets and layered structure of montmorillonite clay it could
be assumed that a stack of the silicate layers is a transversely isotropic medium. For the case of
intercalated silicate in composite, the layered structure remains while the galleries between
layers are filled with polymer. This case also could be represented as transversally isotropic
medium from an overall point of view.

Halpin-Tsai equations [25, 26] obtained for isotropic polymer matrix filled with coplanar
transversally isotropic cylindrical particles of arbitrary aspect ratio could be used for the case of
exfoliated NC. The elastic solution was obtained for the composite consisted of a single fiber
encased in a cylinder of matrix, both embedded in an unbounded homogeneous medium, which
is macroscopically indistinguishable from the composite. The relations between the stress and
strain components have to be averaged throughout the composite. The obtained formulas are
curve fitted to exact elasticity solutions and confirmed by experimental measurements in order to
get the solution for composite filled with particles of arbitrary aspect ratio.

The mechanical phenomena taking place in the process of sorption and swelling in
polymer composite materials, while being of certain theoretical and practical interest, have been
studied slightly, especially for nanocomposite that are of interest in developing high-efficiency

materials. For example, for clay-containing NC exhibiting improved mechanical, thermal, and
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barrier properties compared to unfilled polymers, the majority of papers [2, 6, 14] presented
results without conclusions about the processes proceeding in them.

Therefore it is significant to establish the relation between the thermophysical and
mechanical characteristics of the clay-containing NC that has absorbed the moisture and the
structural changes attending the deformation process under different kinds of load and at
different temperatures.

Finally the use of modern materials — nanocomposites on the basis of a polymer resin in
different areas of techniques, constructions, and also in electronics demands the estimation of
long-term deformability and durability in the conditions of influence of different environmental
factors (loading, raised and/or variable temperature and/or humidity). For the forecasting of
long-term deformability and durability of conventional composite materials: polymers filled with
microparticles of minerals, and also reinforced with carbon and glass fibers, the method of
stress-time, temperature-time and moisture-time analogies is applied [28, 29]. This method is
based on reduction of time by means of acceleration of relaxation processes at increase in level
of loading, temperatures, and relative moisture content inside the material, characterized by
reduction function. The function of temperature-time reduction which characterizes change of
creep rate at change of temperature, for NC is higher in comparison with polymer resin.

Thus the complex research of mechanical and thermophysical properties of various epoxy
resins and epoxy-nanoclay composite is necessary in order to determine the steadiness of modern
composite materials to different environmental factors (temperature, humidity, loading, etc.) that

will allow estimating possible applications of nanoclay composite materials.
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3. Overview of materials and methods used within the work

The following thermosetting polymers are investigated in the work: 1) epoxy resin ED-22,
hardened by polyethylene polyamine and filled with disperse crystal filler LiF (filler content
0.05, 0.11, 0.23, 0.28, 0.33, 0.38, and 0.46% by weight); 2) epoxy resin Reapox 520; and 3)
bisphenol A epoxy resin, hardened by polypropylene oxide filled with particles of
montmorillonite clay (filler content 2, 4 and 6% by weight).

Kinetics of moisture sorption is experimentally investigated using sorption method in
atmospheres with relative humidity ¢ = 24, 34, 53, 77, 84 and 98% using desiccators with silica
gel and saturated solution of salts MgCl,, Mg(NQOg3),;, NaCl, KCI, and K,SO, respectively.
Specimens in the form of thin plates are used in order to measure the percentage of weight
change due to moisture absorption as a one-dimensional diffusion mode. The specimens are
placed then into the humid atmospheres at room temperature and periodically weighed with
accuracy 0.00005 g using Mettler Toledo XS 205DU. The mass increment m(t)-mg is used to find
the moisture content during sorption

w(t) = m(t) —m,

0

The investigations are performed by various mechanical methods: 1) quasistatic tension
tests according to LVS EN ISO 527 standard by the use of Zwick 2.5 testing machine with a
crosshead rate of 5 mm/min at room temperature; and 2) creep in uniaxial tension according to
ASTM D2990 standard by the use of creep-test bench at stress level equal to half of tensile
strength for 7 h and recovery tests for 17 h for the specimens at room temperature.

The changes of structure and properties of investigated materials are studied by means of
1) differential scanning calorimetric analysis using Mettler DSC 30 for temperature range from -
50 to 150 °C at heating rate 10 °C/min; 2) thermogravimetry using Mettler TA 3000 device for
temperature range 20-280 °C at heating rate was 10 °C/min; 3) differential thermal analysis using
UIP-70M device with specimens heated to 150 °C at heating rate 2 °C/min with subsequent
cooling; and 4) X-ray diffraction analysis using DRON - 3M device with photography in
transmitted light on CuK, radiation. Scanning of angular intervals was carried out with a 0.1 °
step and with a pulse collection time in each step of 90 sec.

The homogeneity of the filler particles’ dispersion in polymer resin is approved by the
transparency of all NC specimens. Additional microscopy methods such as scanning electron
(SEM) and transmission electron microscopy (TEM) are applied for the micro structural

analysis.
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4. Modeling of moisture sorption of composite materials

4.1. Application of sorption models to kinetics of moisture sorption of epoxy
resins
[P2]

As it was mentioned before moisture absorption of epoxy resins leads to the time-
dependent change in the structure and subsequent deterioration of properties. Absorbed moisture
can activate different processes in a material, which, in turn, affect the water sorption kinetics
(chemical reactions, leaching of low-molecular components, etc.). Therefore, for each
investigated material it is necessary to estimate the applicability of different moisture transport
models to describing experimental data on water sorption in epoxy binders and to determine the
most adequate ones.

Moisture sorption by epoxies is usually [9, 11, 27, 30] described by Fick’s model. In this
model [8], it is assumed that moisture sorption occurs only by diffusion, and, according to the
first Fick’s law, the diffusate flow density j is directly proportional to the gradient of its
concentration C

j=-Dgrad C, 4.1)
where D is the diffusivity describing the rate of moisture sorption, which is independent of
moisture concentration. For a non-stationary state, with account of the mass conservation law,
the second Fick’s equation is valid. For the case of one-dimensional diffusion along the x axis,
when the specimen thickness is smaller than its length and width, it has the form

oC o°C

ERra

where C is the moisture concentration in the specimen at the instant of time t.

(4.2)

The solution to Eq. (4.1) for a plane-parallel plate of thickness h, with initial
C (0<x<h,t=0)=Cpandboundary C (x =0, x =h, t > 0) = C, conditions, is the series [8]

C(x,t)=C,_— (C C)Z(l V' )sm(Tx]exp( (%k] Dt]. 4.3)
T

K

Integrating Eq. (4.3) across the plate thickness, we come to an expression for determining

the moisture content in the specimen:

ity =, 2O W)Z(l (1)) H;;kj Dt} .

Here, w,, is the equilibrium moisture content in the specimen. The model considered

contains two material characteristics as parameters: the diffusivity D and the equilibrium
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moisture content w... In numerous studies [e.g., 8], it is shown that, if the sorption curve is drawn

on a diagram whose abscissa axis is \/f, the initial section of this diagram will be a straight line
passing through the origin of coordinates. Then, using experimental data, the diffusivity can be

determined from its inclination:

2
D= zh L2, (4.5)
16t
w(t) —w, . . . . . i
where L = W W is the change in the moisture content w(t)-wy in the specimen by the instant
o o

of time t, normalized to its maximum value.

The second parameter of the model — the equilibrium moisture content — as a rule, is found
experimentally as the maximum achieved moisture content in the specimen. It should be noted
here that, according to Eq. (4.4), this maximum is achieved only asymptotically at t — oo, which
in practice leads to an error in determining w.,. The relation between the diffusivity found by Eq.
(4.5) and ¢ of the environment is shown in Figure 4.1 for Reapox 520 epoxy resin specimens

stored in atmospheres with relative humidity ¢ = 33, 53, 75, 84 and 97%.

6 D-103, mm2/h

0, %
3k ] | ] ] |

20 40 60 80 100
Figure 4.1. Diffusivity in relation to the relative humidity of environment.

The results from calculating the moisture content for Reapox 520 epoxy resin by Eq. (4.4)
and experimental data for atmospheres of various humilities are shown in Figure 4.2. It is clear
that the Fick’s model describes well the process of moisture sorption in a low-humidity
atmosphere, but when the relative humidity exceeds 75%, the moisture sorption process slows

down in the middle part of sorption curve.
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Figure 4.2. Changes in specimen mass with time at different values of ¢ (numbers next to the curves):

experimental data (dots) and calculations by Fick’s model (4.4) (curves).

In other words, the value of moisture sorption rate used in calculating the moisture content
is overestimated, since the model disregards the processes of interaction between the moisture
and polymer, swelling, etc., which accompany the process of moisture sorption. It is seen that the
adequacy of Fick’s model declines with increasing relative humidity of environment, since the
diffusion mechanism becomes less dominating, and other mechanisms, such as the interaction
between the polymer and the diffusate and/or relaxation processes, start to affect the moisture
transport in the polymer [31]. The alternative models of moisture sorption which should be used
to explain the deviation of moisture transport in polymers from the classical diffusion
mechanism with the diffusivity independent of moisture concentration, take into account
different subtle differences in the moisture sorption process in each particular case.

In the model known as the Jacob's—Jones model [9], it is assumed that the material consists
of two phases of different density and, accordingly, different sorption properties. It is taken that
the moisture sorption process in both the phases proceeds simultaneously and obeys Fick’s law.
The possibility of formation of chemical bonds between water and polymer molecules is
neglected.

Accordingly, the moisture content in each phase of the material is expressed by the formulas

=, -2 (s 1) 5 0-CD") X'“N%j DltJ

T k=1 k2

which contain four unknown parameters, namely the equilibrium moisture content and
diffusivity of each of the phases. As a result, the total moisture content in the specimen is

W(t) = w (t) + W, (t) (4.6)
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Am,

Am .
where w, (t) = —2, w,(t) = ; Amy, Am, are the mass increments of the phases.
m
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Figure 4.3. Changes in the mass of specimens with time at different values of ¢ (numbers next to the

curves): experimental data (dots) and calculations by Eqg. (4.6) (curves).
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Figure 4.4. Sorption isotherms (a) and diffusivity (b) of the phases D, (o) and D, () in relation to ¢.

The calculation by Eq. (4.6), presented in Figure 4.3, agrees with experimental data rather
well for all the atmospheres considered, which means that the epoxy resin is two-phase. It is
known that epoxy resins contain both areas with a sufficiently perfect and dense spatial network
and poorly cross-linked regions, which can be regarded as a two-phase structure of the material.
This model does not take into account possible changes in the material microstructure during the
sorption process, which can be expressed in a worse description of sorption curves with
increasing relative humidity of environment, as seen from Figure 4.3. Nevertheless, it can be
used for an objective estimation of sorption characteristics of materials with a nonuniform
structure.

As seen from Figure 4.4 sorption isotherms of two phases are almost equal. In turn, it
follows from Figure 4.4 that, the diffusivity in the different phases differs several times.
Probably, this reflects the real material structure with areas of relatively small and high
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permeabilities. The account of two-phase nature of the system allows improving the description
of the sorption curve.

The last sorption model presented in the thesis is a model with a time-dependent diffusivity
[10]. According to this model, owing to the physical processes going on in the material
(primarily, the plasticization and associate changes in the relaxation character, as well as aging,
aftercure, etc.), the diffusivity decreases with time in proportion to its current value:

dD
o —D().

The solution of this equation is D = D,e ”. This model contains three parameters — the

diffusivity at the initial instant of time Dy, the equilibrium moisture content w,, and the
coefficient y describing the rate of change in diffusivity.

To reduce the diffusion equation to Eq. (4.2) with a constant diffusivity D, the principle of
modified time is used, by analogy with the change in D under a nonstationary temperature [32]:

t _ At
dt*=e'dt, t*= [e "t = 1-e” 4.7
0 Y
Then, the diffusion equation takes the form
oC

Using the earlier-found solution (4.4) to Eq. (4.2) and replacing t with t*, according to Eqg.
(4.7), the solution to Eq. (4.8) for the one-dimensional case has the form

W=W

0

2 (W, W) X (A (D)) e
= kzzl: % e AF (4.9)

D . . . . .
where F=—2[1—exp(—y-t)], 4, _ 7K Fis the Fourier criterion, y = 1z, and 7 is the
y a

characteristic time of relaxation. A description of the sorption curve by Eq. (4.9) is shown in
Figure 4.5.
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Figure 4.5. Approximation of experimental sorption data according to the model with a time-variable

diffusivity for different ¢ (numbers next to the curves).
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Figure 4.6. Diffusivity D as a function of time t and the relative humidity ¢ of environment.

The diffusivity D as a function of time and the relative humidity of environment is shown
in Figure 4.6. It is seen that, at great times, the diffusivity tends to an infinitesimal value, which
describes the saturated state of the system. During moisture sorption (for about 450 h) at ¢ =
98%, Do = 3.61-10"° cm?/h, and y = 0.002, the diffusivity decreased 4-6 times. In general, due to
the presence of three parameters, the model is relatively flexible and can describe the sorption
curves rather well (Figure 4.5).

Thus the most suitable for describing the sorption kinetics are found to be the model taking
into account the two-phase nature of materials and the model with a variable diffusivity. These
models give results agreeing rather well with experimental data and in addition contain a

relatively small number of parameters, which make them more acceptable in practical

applications.
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4.2. Moisture sorption by epoxy-based nanocomposite
[P3], [C1]

Properties of multi-component composite materials, as a rule, depend on composition and
conditions of their manufacture in a very complicated manner. Therefore for successful
forecasting of composite materials’ properties it is necessary to investigate properties of each
material component separately having equally manufactured material samples.

A series of moisture content measurements of the specimens was executed at different time
intervals. The experimental values of moisture content for NC with filler mass fraction ¢ = 0%
are plotted in Figure 4.7 versus the square root of time. Each of these data points corresponds to

the mean value with mean deviation of 4 specimens.
4rw, %
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Figure 4.7. The percentage of experimental weight gain (dots) in relation to square root of time in hours
for NC with ¢ = 0% in atmospheres with ¢ (numbers on the curves) and evaluation by Fick’s model (solid

lines).

From Figure 4.7 it is obvious that sorption process could be described by Fick’s model
with good agreement for all contents of MMT and in all atmospheres. It should be mentioned
that the diffusion coefficients of NC obtained by Eq. (4.5) are independent on relative humidity
of atmosphere (see Figure 4.8). The scattering within the atmosphere of equal humidity doesn’t
exceed 10% of average value. It was experimentally confirmed that sorption process in NC
passes much more slowly than in pure epoxy resin (as shown in Figure 4.8), for the highest filler
content diffusivity reduces about half of diffusivity as for neat epoxy resin. As it was mentioned
above this phenomenon takes place owing to the extremely high aspect ratio of silicate platelets,
which increased the tortuosity of the water molecules’ path of while moisture diffuses into the
NC. According to the tortuous path model and since the moisture permeability is a function of
volume fraction and aspect ratio of the platelets the exfoliated NC is more preferred to

conventional or intercalated composites in terms of the barrier characteristics [7].
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Figure 4.8. Diffusion coefficient of NC evaluated by Eq. (4.5) in relation to filler weight content.
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Figure 4.9. Equilibrium moisture content in relation to filler weight fraction in atmosphere with 98% RH

(dots - approximation of experimental data, line - evaluation by Eqg. (4.10).

The equilibrium moisture content of NC w'© involves the equilibrium moisture content of

the NC components: of polymer resin w® and of filler w, , accordingly:
W =w?.(1-c)+w' -c. (4.10)
The use of mass was chosen as a reference in the rule of mixture instead of volume since
all the NC specimens revealed swelling of about 3% by volume at the end of the saturation. It is
considered that hydrophilic epoxy resin has the main contribution to the moisture uptake and
equilibrium moisture content of the filler w' is close to zero since naturally hydrophilic MMT

clay has been organically treated.

The increase of equilibrium moisture content with the increase of MMT weight content in
NC (shown in Figure 4.9) could be caused by growth of interphase mass content. The estimation
of interphase moisture sorption characteristics is created using modified rule of mixture for

equilibrium moisture content

W =w?.(1-c-b)+w -b, (4.11)
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i
where W s equilibrium moisture contents of interphase, b is interphase fraction by mass.
Such addition of interphase around the filler particles allows preventing the deviation of

evaluation by Eq. (4.10) from results of approximation using experimental data. Nevertheless
Eq. (4.11) contains 2 unknown parameters ( W. and b), that can’t be determined independently.

That’s why the proper analysis is based on the attributing capacity of moisture absorption of the

interphase to the deviation between evaluation by Eq. (4.10) and experimental results.
0.6 A %

0 2 4 6
Figure 4.10. Deviation between experimental data of equilibrium moisture content of NC and estimation

of it by mixture rule (4.10) for atmosphere with ¢ = 77 (a) and 98 (®) % RH.

Moreover it should be expected that for atmosphere with higher relative humidity (higher
content of absorbed moisture) the difference between the amount of absorbed moisture content
measured by experiments and predicted by Eq. (4.10) should increase. This observation is further
supported by experiments as shown in Figure 4.10. The higher content of filler leads to greater
moisture absorption and greater deviation from estimation by mixture rule without consideration
of sorption characteristics of interphase. The general idea is that this deviation that represents
moisture content in interphase is linear proportional on filler content (as shown in Figure 4.10). It
means that coefficients of proportionality correspond to sorption capacity of interphase in NC
per 1% of filler.
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Figure 4.11. Schematic representation of equilibrium moisture content distribution within composite

system of one particle (a) and sorption isotherm of epoxy resin and interphase in NC per 1% of clay by
weight (b).
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At equilibrium the relationship between moisture content in material and equilibrium
relative humidity of surrounding atmosphere can be displayed by sorption isotherm. It is
estimated that the total moisture content is distributed homogeneously by the section of the NC
specimens and according to sorption isotherm for the moisture concentration in NC. For each
humidity value, a sorption isotherm indicates the corresponding moisture content at a given,
constant temperature. Because of the complexity of sorption processes in composite materials,
the isotherms traditionally deviate from Henry’s law, exhibit nonlinear behavior and should be
measured experimentally.

The sorption isotherm of interphase in NC per 1% of clay could be estimated from Figure
4.11. As it was mentioned before the content of interphase in NC couldn’t be predicted
independently from Eq. (4.11). Nevertheless it’s possible to estimate the effect of the interphase
on sorption properties of NC in whole. These results could be used for further analysis of the
moisture effect on mechanical and thermal properties of NC. Respectively moisture content
which exists both in matrix and in interphase of NC could be predicted instead of Eq. (4.10) for
given composite system

W =w?.(1-c)+Ww. -c, (4.12)
where both w® andw' are determined from Figure 4.11, which represents the sorption
isotherm of epoxy resin and interphase. This sorption isotherm and formula (4.12) allow
approximate estimation of additional moisture content of NC in atmosphere of any relative
humidity and any filler content.

Hence it is shown that sorption process could be described by Fick’s model with good
agreement for all contents of clay and all atmospheres. Based on the results obtained by relating
moisture on properties of NC it could be concluded that the addition of impenetrable clay
nanoparticles is useful for the reduction of negative effect of moisture on properties of NC
allowing the application of modified epoxy resin in environments with higher-operating relative
humidity. The effect of absorbed moisture on mechanical and thermophysical properties of

epoxy-clay NC is thoroughly discussed in the following chapters.
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5. Mechanical characterization of epoxy-based composite materials

5.1. Strength and elastic properties

[P1], [P4], [P6], [C1]

The mechanical behavior of neat epoxy resin and epoxy resin filled with microparticles
(crystals of LiF) and nanoparticles (MMT) was studied in quasistatic tensile tests for the
revealing of filler and absorbed moisture influence on tensile elastic modulus and strength of
composite materials. For instance Figure 5.1 shows stress-strain curves of epoxy resin and NC
with filler content ¢ = 6% specimens being preliminary sustained to an equilibrium condition in
atmospheres with humidity 24, 77 and 98%. Stress-strain curves of the other NC (with filler
content 2 and 4%) look similarly to curves presented in Figure 5.1 having strongly pronounced

limit of forced elasticity.

o, MPa
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Figure 5.1. Typical stress-strain curves at a fixed rate of deformation (5 mm/min) for neat epoxy resin

(dotted line) and NC with ¢ = 6% (solid line) and different ¢ (numbers on the curves).

As it is clear from Figure 5.2 filling of epoxy resin with MMT nanoparticles leaded to
increase in elastic modulus of dry material approximately by 30% and to reduction of upper yield
stress and yield strain app. by 1/3. The increase of moisture content both in epoxy resin and in
NC resulted in reduction of elastic modulus and vyield stress; while yield strain has almost the
same value. Dry (sustained in atmosphere with ¢ = 24%) specimens failed in more brittle manner
than moistened ones (sustained in atmosphere with ¢ = 98%). Durability of the former
specimens twice exceeded durability of the latter. Intermediate values of durability are obtained

for NC specimens sustained in atmosphere with ¢ = 77%.
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Figure 5.2. Elastic modulus (a) and yield stress (b) of NC in relation to the filler weight content for

different ¢ (numbers on the curves).

Consequently due to absorbed moisture both pure resin and NC with ¢ = 6% show almost
same degradation as for elastic modulus by 1 GPa and for tensile strength by 25 MPa,
respectively. It should be noted that though the values themselves of elastic modulus and
strength are improved with respect to filler content, the positive effect as moisture content
increases (in atmosphere from 24% RH till 98% RH) was not established.
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Figure 5.3. Experimental elastic moduli E of the CM in the initial (o) and moisture saturated (A) states

and after a moistening-drying cycle (e) in relation to the filler volume content ¢.

Figure 5.3 demonstrates moisture effect on experimentally obtained elastic modulus of
epoxy resin filled with different content of LiF crystals. As follows from the data in the figure an
increase in the elastic modulus with increasing ¢ is observed for the CM in the conditionally
initial state at ¢ < 0.33, in the saturated state at all the values of ¢ considered, and after a
moistening-drying cycle at ¢ < 0.38. Thus it is assumed that the structure and properties of
polymer resin changes upon filling. This could be explained by the presence of interphase having
properties different from the properties of the polymer resin in the bulk. That’s why upon

modeling of elastic properties of CM it is important to take into account morphological
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properties of filler particles in the conditionally initial state and then to estimate effect of

absorbed moisture on structure and properties of CM having different filler content.

5.2. Modeling of elastic properties considering layered structure of MMT clay

[P4]

The behavior and properties of NC are dependent not only on properties of its structural
components, but also on the material microstructure: the dispersion and orientation of filler
particles, and the interactions between filler particles and polymer matrix [33].

Nevertheless one of the main parameters that affect the behavior of the nano-system is the
effectiveness of dispersion of filler particles within the polymer matrix [34].

One way to check the morphological peculiarities of clay nanoparticles in a solvent, before
incorporating them to a matrix, is to observe their dispersion by TEM. A typical image of

acetone suspension of clay nanoparticles is shown in Figure 5.4a.

Figure 5.4. Typical TEM image of acetone suspension of clay nanoparticle. The nanoclay appears in
black (a); SEM micrograph of fracture surface of NC with ¢ = 2% (b).

It is obvious from the Figure 5.4a that the observed aggregate should be a stack of clay platelets
having layered structure and high aspect (diameter to thickness) ratio (50). The aspect ratio of
the platelet stack as observed from Figure 5.4 is about 7.

Moreover the platelet shape of the filler particles could be confirmed by SEM micrograph
(Figure 5.4b) of fracture surface of NC specimen with ¢ = 2%. It could be seen that the
transversal dimension of the filler aggregates is much smaller than longitudinal ones.

Efforts are being made to relate effective tensile elastic modulus of moistened NC with
properties of its structural components. It should be emphasized that taking into account
complicated structure of real composite material, only evaluative results could be obtained
theoretically [18].
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Halpin-Tsai equations [25, 26] obtained for isotropic polymer matrix filled with coplanar
transversally isotropic cylindrical particles of arbitrary aspect ratio (5.1) are used for the case of
exfoliated NC. The elastic solution was obtained for the composite consisted of a single fiber
encased in a cylinder of matrix, both embedded in an unbounded homogeneous medium which is
macroscopically indistinguishable from the composite. The relations between the stress and
strain components were averaged throughout the composite. The obtained formulas were curve
fitted to exact elasticity solutions and confirmed by experimental measurements in order to get

the solution for composite filled with particles of arbitrary aspect ratio.

1 A

2

Figure 5.5. Schematic representation of cylindrical filler particles embedded in polymer matrix.

For a completely exfoliated system Halpin-Tsai equations for elastic moduli of NC take form:

E —E 1T2h0 (5.1)
1-ne
1+2A
E,=E,=E, ﬂ, (5.2)
1-mp
where
T R,-1 , _Epn

“R12 E,PTR 42 7T E

m

In the equations (5.1)-(5.2) Ei, E,, Esz are elastic moduli of given composite, En, is elastic
modulus of matrix and Eg, Er, — elastic modulus of filler for axes’ directions shown in Figure
5.5; As is the aspect ratio of platelet (A > 1 since it equals to the diameter divided by thickness
for cylindrical platelets); ¢ is the volume fraction of filler particles and is determined by formula

P

P [c+a—®]
P Pm

where c is filler weight content, pr and pr, are filler and matrix density, accordingly.

If the exfoliation is incomplete the composite system is considered to consist of matrix and
pseudo particles (stacks of individual platelets) [22]. Figure 5.6 shows scheme of filler particles
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that are forming a stack (a pseudo particle). N is the number of platelets per stack, L — length

(width), t — thickness of the platelet, s — inter-platelet spacing.
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Figure 5.6. Representation of pseudoparticle (platelet stack).
For the case of incomplete exfoliation Halpin-Tsai equations are modified and get form:

1+2n, '’

E =E, — (5.3)
1-n'ep
142A ', "¢
E,=E=E,—— 2% (5.4)
1-n,'p
where
Rl _, E, R1 _. E,
‘= 1R '= ) '= “ 1R ‘=
TR T E P TRY2AT YT E,

Here A¢’ is the aspect ratio of platelet stack, ¢’ is the volume fraction of platelet stacks, R’ is the
ratio of platelet stack elastic modulus to elastic modulus of the matrix. Elastic moduli of platelet

stack in different axes’ directions could be calculated using direct and reverse rules of mixture

Vs
=SV,

Yooy Vi

E, E

m
and

E:,V, +E.V;,

ps

where V, is volume of platelets, Vi, is volume of inter-platelet spacing, Vs is volume of platelet
stacks. Using simple geometrical assumptions (each platelet stack consists of N platelets of
thickness t, length L and located at inter-platelet spacing s) the formulas for elastic moduli of
platelet stack take form
_ELE,(Nt+(N-1)s)
PO Nt+E, (N —1)s
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and

CENt+E,(N-1)s
P2 Nt+(N-1)s

Accordingly following formulas for aspect ratio of platelet stack As’, volume fraction of
platelet stacks ¢’ and ratio of platelet stack elastic modulus to elastic modulus of the matrix E;’

were obtained for model parameters [22]:

AL )
R LIRS B t

R'=R
1+R[1-1 )8 1e[1- 118 q4f1- 1)
Nt Nt Nt

(7]

Using known values of elastic modulus of matrix in atmospheres with different relative
humidity it is possible to determine elastic moduli of NC by equations (5.3) and (5.4). The elastic
moduli of montmorillonite clay platelets are ranging from 40 GPa [35] (in transverse direction of
platelet) to 180 GPa [25, 36] (in longitudinal direction of platelet) based on the literature values
for layered-structure clay minerals, an empirical modulus-density relation for alumina, silica and
their compounds and values obtained by simulation for the product of elastic modulus and
thickness of the platelets. In the current study elastic moduli of filler are assumed to be E = 55
GPa, Es, = Erz = 180 GPa, aspect ratio of filler platelet A= 50, number of platelets per stack N is
changed from 1 to 6, s/t = 1.
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Figure 5.7. Elastic modulus of NC versus filler volume content. Evaluation by (5.1) (solid line) and (5.3)

(dashed line) for different number of elementary layers N (numbers on the curves) in a platelet stack.

Dots — experimental data for ¢ = 24% RH.

Comparing results of evaluation by Eqg. (5.1) with experimental data of quasistatic tensile
tests of specimens conditioned in dry atmosphere (¢ = 24% RH) provided in Figure 5.7 it is
obvious that evaluation results for elastic modulus of NC with exfoliated filler particles are
higher than experimental ones. Increasing the number of platelets per stack gives the opportunity
to get better agreement between them. Although it’s rather arguably since it is assumed in the
model that filler particles obey coplanar orientation in polymer matrix. On the other hand
evaluation by Eq. (5.4) (low bound) is much lower than experimental results even for the case of
exfoliated platelets. It means that real orientation distribution of clay platelets is somewhere in
between these limits and could be rather complicated.

Nevertheless using obtained results (the same parameters N, t, s) for moistened NC it is
possible to estimate structural changes of the polymer resin due to moisture absorption.

The resulting evaluation of elastic modulus of moistened NC by Eg. (5.3) shows the
deviation from results obtained experimentally (see Figure 5.8). As it can be seen taking into
account platelet stack layered structure (increasing the number of platelets in stack till 6)
improves the congruence of results with experimental data. Apparently it could be described by
the change of elastic properties of the platelet stacks. It should be emphasized that while elastic
modulus of impermeable clay platelets is not dependent on moisture content, the matrix phase
that is located in the inter-platelet spacing absorbs moisture. Therefore the elastic properties of
the platelet stacks are dependent on absorbed moisture content and cause more significant

decrease of moistened NC elastic modulus as presented in Figure 5.8.
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Figure 5.8. Elastic modulus of epoxy resin and NC with ¢ = 6% in relation to the absorbed moisture
content. Experimental data (NC with ¢ = 6% (m), epoxy resin (o)), evaluation by (5.3) for NC
withc=6% and N=1 (e) and N = 6(0).

The change of elastic modulus under effect of moisture e. g. NC with ¢ = 6% proves that
moisture which exists in the inter-platelet spacing significantly influences the elastic modulus.
Logically enough, the higher content of filler leads to higher content of inter-platelet spacing and

as a result to greater moisture absorption and greater change of NC properties that are sensitive

to moisture.
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Figure 5.9. Elastic modulus of epoxy resin (m) and normalized to 1% wt of filler deviation of NC elastic

modulus (0) in relation to the relative humidity of the atmosphere.

The isotherm shown in Figure 5.9 concludes the proposed analysis of moisture and filler
effect on deformability of epoxy/MMT NC taking into account filler morphological peculiarities.
Using this figure it’s possible to estimate NC elastic modulus of any filler content in atmosphere
with any relative humidity. It is obvious that due to moisture absorption NC elastic modulus is
substantially decreased. Since the value of elastic modulus of epoxy resin is improved with
respect to filler content in spite of no positive effect for the decrease of elastic modulus of NC

due to moisture absorption (in atmosphere from 24 till 98% RH) epoxy resin modified by
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impenetrable stiff MMT clay nanoparticles could be applied in environments with higher-

operating relative humidity.

5.3. Modeling of elastic properties considering formation of interphase

[C2]

As pointed out before the silicate platelets could be dispersed in the polymer in three ways:
in aggregates, as in intercalated layered NC and in exfoliated platelets. In the current work only
the last case was considered due to primary emphasis on the interphase problem. The exfoliated
platelets were represented as transversally isotropic spheroids with low aspect ratio that is equal
to app. 0.015.

Since special attention is given to the evaluation of interphase problem and efficiency of
adhesion in NC appropriate formulas for the elastic properties of NC filled with randomly
oriented transversally isotropic spheroids with zero small aspect ratio will be applied. Wang [21]
showed that for the small filler volume fractions Norris approximate expressions [19] for bulk
and shear moduli of composite material reinforced with isotropic oblate spheroids with small
aspect ratio agree well with explicit Mori-Tanaka expressions which are widely applied for the

prediction of NC properties. These approximate expressions can be written as

(5.5)

T 3-4-v 1 1—vzjl
X5 +—
8 1y-(A-v1) 1, 1+v,

-1 -1
gt 2374 Al 2 T8 1) (s
15 8 1m-1-v) w,1l+v,) 5 16 44-(1-v)) 1

4
K=Kl+§-¢-(

where ¢ is filler volume fraction, y is aspect ratio of filler, K, x#and v are the bulk, shear moduli
and Poisson ratio of composite, respectively. Indices 1 and 2 represent matrix and filler
properties. The aspect ratio y is defined as filler particle’s thickness related to its diameter and is
for the case of NC filled with clay platelets much smaller than 1.

In the numerical calculations, the bulk and shear moduli of the matrix and filler are chosen
in such way that they reflect the typical properties of epoxy resin and montmorillonite silicate,
respectively. Therefore, the Young’s modulus and Poisson’s ratio of the matrix are considered to
be E; = 3.45 GPa and v; = 0.35. The elastic modulus is also experimentally determined value.
Unfortunately there is lack of the complete elastic constants of montmorillonite silicate. As it
was mentioned above in the literature it is usually assumed that elastic modulus in the
longitudinal direction is ranging from 140 GPa [21] to 180 GPa [15, 25, 36]. In this work it is
assumed that E; = 180 GPa and v, = 0.2. The aspect ratio is chosen to be about 0.015.
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Then the calculated values of formulas (5.5) and (5.6) are used to evaluate the elastic
modulus by the equation

E= 3?;:; (5.7)
The interphase was introduced as a region with gradient of properties nearby the interface
of matrix and filler particles. At nanolevel the elastic properties of one single particle containing
interphase were considered. The effect of adhesion efficiency was taken into account in the
region of the interphase. Previously [27] it was shown that existence of interphase results in
increase of equilibrium moisture content during sorption experiments and as a result a significant
decrease of elastic moduli was observed. Since the analytical evaluation for both elastic and
sorption properties was higher than that for experimental results it was concluded that interphase
has elastic properties lower than the matrix and this conclusion will be used in current work.
The expression of the bulk modulus for the system of filler particle-interphase-matrix is
assumed to follow the formula
K,if 0<Xx<R;

Kk, R,) =K, -[1—%“%_(:_;?}} ifR, <x<R(LR) (58

K, otherwise

where x is the coordinate in one-dimensional approach, k is the efficiency of adhesion, Ry is the
thickness of the filler particle. The adhesion efficiency is varying from 0 to 1 and expresses the
strength of interaction between filler and matrix. The thickness of interphase R; is denoted as the
distance from filler particle to the matrix material with the deviation from matrix properties
8 =0.1% and is evaluated by formula
R (k,R;)=R; —R; ~k~|n(5&}
(K, —Ky)

The similar formulas could be written for the shear modulus.

Figure 5.10 shows the change of bulk modulus within the system of filler-interphase-
matrix material. Four different filler contents corresponding to experimental ones are used in the
analysis. It is evident from the figure that increasing filler radius the thickness of the interphase

increases. This leads to decrease of effective bulk modulus for the system in whole.
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Figure 5.10. Bulk modulus of the 3-phase system for different filler contents R; = 1, 2 and 3% (numbers

on the curves) and constant line — neat resin, k = 0.3.

Moreover the adhesion efficiency strongly influences the thickness of the interphase and in
this way lowers the value of the elastic moduli with the increase of R;. The dependence of
interphase thickness on the filler thickness and adhesion efficiency is shown in Figure 5.11. It is
clearly seen that with the increase of filler content or thickness of filler particle the thickness of

interphase increases reaching maximal value for the highest adhesion efficiency k = 1.
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Figure 5.11. Thickness of the interphase vs. thickness of filler particle for different values of adhesion

efficiency.

Then the derived variations of moduli were averaged for system of filler particle-interphase

in order to get quasi-particle with constant properties using formulas

Ri(k.R¢)
K(k,R,)=——- j K(x,k, R, )dx, (5.9)
Xmax 0
1 Ri(k,R¢)
Ak R)=— [ 0k R )dx. (5.10)
max 0
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These elastic characteristics were used to evaluate the elastic modulus of NC taking into
account degree of adhesion and presence of quasi-particles with averaged properties. The elastic
modulus is determined by well known relation between elastic characteristics
_ 9-K(k,R,)-A(kR,)

3-K(k,Ry)+a(k,R;)

Ek,Ry) (5.11)

The final result for the elastic modulus of the composite is showed in Figure 5.12. As it
was mentioned before the elastic moduli in the interphase were assumed to be lower than that of
the matrix. As seen from the figure adhesion efficiency greatly influences elastic properties of
the composite and lowers the effective elastic modulus. It is interesting to notice that with the
increase of adhesion efficiency the thickness of the interphase increases and so the content of the
quasi-filler particles grows as well. Nevertheless the averaging by the diameter of the particle

gives results which are monotonically growing functions in dependence of filler content.
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Figure 5.12. Effective elastic modulus in relation to the filler volume content (dots — experimental data,

3.4

dotted line - evaluation by Eq. (5.7), solid lines — evaluation by Eq. (5.11)).

The expressions for the bulk and shear moduli of the composite were presented using
expressions of Norris for randomly oriented platelets which are suitable for low filler contents.
First the properties of quasi-particle were estimated at nanolevel considering efficiency of
adhesion at different filler contents. It should be noted that the stiffness of filler particles in the
direction of major axis is the dominating parameter in these calculations. Since the literature data
for the elastic constants of montmorillonite is incomplete it could be concluded that these values
could be varied in order to get better agreement with the experimental data.

According to the results obtained in the work the theoretical prediction using expressions
of Norris describes the results of quasistatic tensile test quite well. Nevertheless the results of
this prediction are higher which can be described by the lack of precise values of parameters like
elastic constants and aspect ratio of montmorillonite clay. The possibility to describe this
deviation is to introduce interphase. It is clear that taking into account adhesion efficiency and
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high surface of filler particles quite high content of quasi-particles is obtained in the case of NC.
That’s why the thickness of the interphase and adhesion efficiency can greatly influence the
mechanical behavior of the NC and should be considered. This analysis at nano- and microlevels
provides possibility to estimate the effect of filler and interphase properties and content on
effective elastic properties of NC in whole. However polymers are not elastic solids and they
behave as viscoelastic materials and therefore viscoelastic properties of NC have to be

investigated as described in the following chapter.
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6. Viscoelastic properties of epoxy-based nanocomposite

[P6], [C3]

For different kinds of application of NC on the basis of a polymer resin the estimation of
long-term deformability and durability in the conditions of influence of different environmental
factors (loading, raised and/or variable temperature and/or humidity) is of particular importance
[37, 38]. Addition of moisture impenetrable MMT platelets should affect overall viscoelastic
properties of NC and result in decrease in NC compliance during moisture absorption process.
The viscoelastic behavior of moisture saturated NC specimens with different filler content is an
objective of the study and is analyzed in this chapter.

To describe the family of creep and creep recovery curves of NC with different filler
content at various values of moisture content w, the Boltzmann-Volterra linear integral equation

was used

£(t) = ?+éi K (t—s)o(s)ds 6.1)

with the creep kernel as a sum of exponents:

K(t):iﬂe?

i=1 T

(6.2)

where, 7, and b;, i = 1, ..., n, is the spectrum of retardation times. According to the principle of

moisture-time analogy,
t=t'a,, (6.3)
where a,(w) is the function of moisture-time reduction, describing variations in the spectrum of
retardation times with changes in the relative moisture content in the material.
If the stress varies according to the law
ot)=o,H(t)—o,H(t-t,), (6.4)

where t = 0 and tp are the instants of loading and unloading, respectively, and H(t) is the
0]
O

0

Heaviside function, the compliance I(t) = has the following expression

for the creep at t<t,

1 1 2
I(t):E+E§bI£1_e 'J, (65)

for the creep recovery at t>t,
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The function of moisture-time reduction was chosen in the form

Ina, = W+ a,W (6.7)

Such functions were used earlier for epoxy binders and composites based on them [39].
The results of short-term (7.5 h) creep of dry (nonmoistened) materials showed that creep

compliance curves for NC with filler content ¢ = 0 and 4% almost coincide (except for
instantaneous compliance |, =1/E) (Figure 6.1a). That is the filler effect appears in relation of
instantaneous compliance to filler content. Moistening of investigated material leads to

remarkable increment in creep compliance (Figure 6.1a). Obviously this is caused by case that
material is close to viscoelastic state.
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Figure 6.1. Compliance curves of the NC with the filler content ¢ = 0 (#) and 4 (¢)% for ¢ = 24 (1), 77 (2)
and 98% (3) in creep (a) and creep recovery (b).

The creep recovery experiments revealed that after 17 h of observation the creep recovery
strain still continued to decrease with time (Figure 6.1b). In other words, there is a reason to
believe that the creep deformations are reversible. To verify this assumption, it is necessary that
the model parameters determined from the results of creep tests could be applied to the case of
creep recovery or vice versa. The spectra of retardation times 7, b;, i = 1,..., n (6.2) and the
function of moisture-time reduction (6.7) of the NC with different filler content can be found
from the results of creep recovery tests. For each value of c, the family of compliance curves in
creep recovery corresponding to different levels of moisture content w was approximated by Eqg.
(6.6) with account of Eqg. (6.7). The approximation was performed using the SIMPLEX
algorithm in FORTRAN. The objective function was specified as the root-mean-square deviation
of the calculation from experiment. The initial values of retardation times were chosen at
uniform steps in the logarithmic scale, i.e., 1, 10, 100, etc.; the number of exponential functions

in creep kernel (6.2) was n = 7. During minimization of the objective function, the summands
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whose pre-exponential multiplier was of the order of magnitude 10 and smaller were rejected,

and only four exponents remained in Eq. (6.2).
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Figure 6.2. Experimental compliances in creep recovery (a) and creep (b) of the NC withc=4% atw =0
(m), 2.04 (@), and 3.52% ( A), their approximations by Eq. (6.6) with account of Eq. (6.7) (a), and
calculations by Eq. (6.5) with account of Eq. (6.7) (b).

As an example, Figure 6.2a presents the approximated compliance curves in creep
recovery for the NC with a filler content of 4%. The verification of applicability of the model
used showed a satisfactory description of creep experiments (Figure 6.2b). The spectra of
retardation times and the function of moisture-time reduction of NC with different filler content
obtained from the approximation are given in Figure 6.3 and Figure 6.4, respectively. The
spectra of retardation times for the NC with ¢ = 2 and 4% (Figure 6.3) practically do not differ
from the spectrum for the binder in a block: they have a common amplitude envelope. However,
at ¢ = 6%, these spectra differ: the retardation times increase, but the intensity slightly decreases.
As a result, the spectrum envelope is more flat than that for the binder in a block and the NC at ¢
< 6%.
4T Inb,

Int,

20

12 b
Figure 6.3. Spectra of retardation times of the NC at ¢ = 0 (0), 2 (), 4 (A), and 6% (o).

The functions of moisture-time reduction of the NC with different filler content (Figure
6.4) are nonlinear, and their graphs are concave lines describing the growing influence of the

absorbed moisture as its content in the material increases. A comparison of the functions of
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moisture-time reduction of the NC at different values of ¢ shows that the addition of a small
amount of filler (c = 2%) weakens the influence of moisture on the viscoelastic properties of the
binder in the CM. Probably, this is caused by the interaction of filler particles with binder
macromolecules with the formation of physical bonds. It is also possible that some part of the
absorbed moisture occurs in the interfacial layer [27]. With increasing degree of filling, the
influence of moisture on the viscoelastic properties of the binder in the CM grows, and at ¢ = 6%
it becomes equal to that of the binder in a block. The filler particles loosen the binder structure in
the NC, and the rate of relaxation processes in the region of great times decreases.

10 f Ina,

8

0 1 2 3 4 5
Figure 6.4. Functions of moisture-time reduction of the NC at ¢ = 0 (0), 2 (o), 4 (A), and 6% (o) obtained

by approximating the families of creep recovery curves of the material with different moisture content by
using Egs. (6.6) and (6.7).

The influence of the equilibrium moisture content in the NC on its viscoelastic properties is
expressed as a changing limit of forced elasticity in quasi-static tests (see Figure 5.2b).
According to the Eyring equation, the relation between the limit of forced elasticity and strain
rate has the form

o, =A+BlIn¢. (6.8)
Taking into account the relaxation nature of viscoelasticity, £z; = const,,,

0

In“=infi—_ina,, (6.9)
&y

I.e., the variation in the limit of forced elasticity must correlate with the reduction function. Such
a correlation does exist: for NC with different filler content, the variation in the limit of forced
elasticity is directly proportional to the value of the function of moisture-time reduction (Figure
6.5). This correlation can serve as a basis for an alternative determination of the function of
moisture-time reduction, namely by using the results of quasi-static tests in the mode of constant

strain rate.
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Figure 6.5. Correlation between the function of moisture-time reduction (6.7) and changes in the limit of
forced elasticity in quasi-static tests for the NCat c =0 (+), 2 (m), 4 (A), and 6% (e).

There is another way for determining the reduction function - according to the volumetric
strain [39]. Assuming the binder in a block to be isotropic, the volumetric swelling strain

AV . : . :
— =3¢, can be calculated and using the relation between the reduction function and the

0

change in volume [40]

1 AV 1

— (6.10)
fo Vo 1, 1AV

fO VO

Ina, =

the function of moisture-time reduction is derived (Figure 6.4), which coincides with that
determined from creep experiments with f, = 0.062.
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Figure 6.6. Function of moisture-time reduction of the epoxy binder: dots - calculation by Eq. (6.10) with
the use of relation between the swelling strain and the relative moisture content; the line - approximation
of the family of creep recovery curves given in Figure 6.4.

Thus, based on the principle of moisture-time analogy the function of moisture-time
reduction of epoxy resin was derived which correlates with varying volume of specimens upon
moistening that allows estimating the function by the results of swelling. In turn the revealed
correlation function of moisture-time reduction with the change of limit of forced elasticity

indicated viscoelastic character of deformation of NC specimens at different moisture content.
95



Viscoelastic properties of polymer based composites are fully connected to environmental
conditions (temperature, moisture) since with the increase of temperature the frequency of
molecular rearrangements increases but delay time decreases. Thus NC specimens having
absorbed moisture behave differently due to distinction in glass transition temperature. The
features of thermophysical characteristics and their interrelation with structural changes of

epoxy-based NC under moistening are explicitly discussed in the next chapter.
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7. Thermophysical characteristics and structural changes under moistening

of epoxy-based nanocomposites

[P3], [C3]

The features of the phase and relaxation transitions in heating the NC specimens have been
studied by the method of thermomechanical analysis (TMA) in the absence of external load. The
typical TMA curves of the NC specimens held in an atmosphere with a relative humidity of 24
and 98% until they reached the equilibrium state are presented in Figure 7.1. The general rule for
all NC modifications, including those held in an atmosphere with a humidity of 77%, is the
presence on the thermal expansion curves of a narrow (5-10°C) temperature range of a sharp
change in the character of deformability when in the course of heating the expansion at T; is
replaced by a shrinkage, and then at T, a new growth of deformation begins just as quickly. Such
dependences are characteristic of amorphized polymers in which, after passing through glass
transition temperature Tg, crystallization occurs very quickly to cause hardening of the material.
Then, also spontaneously, melting of the crystallites formed in them begins, which just causes a

rise on the TMA curve.
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Figure 7.1. TMA curves of NC specimens with ¢ = 4%, ¢ = 24% (a) and 98% (b) (number of heating—
cooling cycle (1, 2)).

The fact that the process of shrinkage of the binder in the NC is caused by crystallization is
confirmed by experiments with multiple heating of specimens to 70°C and their cooling to 20°C.
Figure 7.2 gives the thermomechanical curves for three heating-cooling cycles and shows that
the crystallization process was accompanied each time by shrinkage and the melting process —
by spontaneous extension. Consequently, in the 20-70°C temperature range the restructuring
process in the binder appears to be reversible; crystallization begins at T; = 41-45°C, and
melting at T, = 46-50°C.
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Figure 7.2. TMA curves of the binder at ¢ = 24% (number of heating—cooling cycle (1, 2, 3)).

X-ray structural analysis also confirms that upon preliminary annealing of specimens at 80
°C and subsequent drying in a medium of humidity 24% in the binder the crystalline phase is
preserved (Figure 7.3, diffractogram 1). The introduction into the NC composition of MMT
nanoparticles (diffractogram 2) leads to a change in the parameters of the crystalline reflex of the
binder, for example, an increase in the interplanar spacing d and, accordingly, a change in the

internal stress in the NC.
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Figure 7.3. Diffractograms of NC specimens with ¢ = 0% (1) and 6% (2).

It was somewhat difficult to determine T4 from the TMA curves since the attaining by it of
the glass transition temperature served as a prerequisite to the binder crystallization in the NC. It
was assumed that both processes (devitrification and onset of crystallization) proceeded
practically simultaneously. Therefore, the deformation maximum temperature T; on the TMA
curves (Figure 7.1) was assumed to correspond to the crystallization temperature, and the Ty
value was assumed to be slightly different from it. Thus application of thermomechanical
analysis to NC with different filler content under moisture effect has shown the following (Figure
7.4): glass transition temperature of NC decreases from 45 to 35 °C with the increase of moisture
content in NC; the change of glass transition temperature of NC in relation to filler content is

insignificant (lies within scattering of experimental data) within atmosphere of equal humidity.
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Figure 7.4. Glass transition temperature as a function of the atmospheric humidity for NC at ¢ = 0 (), 2
(©),4 (A), and 6% (m).

The weak strengthening effect of filler probably is associated with low cross-linking
density of polymer’s macromolecules located around filler particles and also with possible
agglomeration of filler particles [14]. In turn reduction of glass transition temperature of epoxy
resin and NC with the increase of moisture content (Figure 7.4) indicates that absorbed moisture
softens the materials, i.e. facilitates reduction of intensity interaction between polymer
macromolecules and mobility increment of the segments which results in acceleration of
relaxation processes. Glass transition temperature of epoxy resin and NC is shifted to
temperature region which is only 10-20 °C above room temperature, i.e. temperature during
mechanical tests. Therefore loading can lead to transition of epoxy resin to viscoelasticity region
which is characterized by large deformations. At least considered epoxy resin with the raised

moisture content belongs to transition region from glassy to viscoelastic state.

Amim,,%

Figure 7.5. Mass loss curves of NC specimens at ¢ = 98% withc =0 (¢), 2 (m), 4 (A), and 6% (e).

From the mass loss curves of the thermogravimetric analysis (Figure 7.5) it is seen that in
the 80-170°C temperature range the mass loss process is the fastest, which agrees with the
decrease in the thermal expansion coefficient. The maximum mass loss is observed in specimens
held in an atmosphere with humidity of 98%. For instance, at clay content of 6% the NC mass
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loss at 150°C is 1.5%, and in the binder it is 2% under the same conditions; however, no strict
dependence on the degree of filling is observed. A further increase in the temperature leads to a
decrease in the mass loss rate. Proceeding from the practically linear interrelation between the
moisture content and the mass loss (Figure 7.6), it may be stated that upon heating the NC up to

280°C the moisture desorption process prevails.
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Figure 7.6. Moisture content of NC specimens with ¢ =0 (¢), 2 (m), 4 (A), and 6% (e) in relation to the

mass loss in heating.

In order to establish the relationship between the thermal characteristics and the structural
changes attending the NC deformation process TMA analysis has been applied to epoxy-based
NC specimens after quasistatic (Figure 5.1) and creep tension experiments (Figure 6.1). For
these purpose moist specimens from atmosphere with ¢ = 98% RH were pre-deformed in the air
in the regime of quasi-static tension with & = const and creep with ¢ = const until the whole of
the working part material went into the "neck.” Then the specimens were cut along and across
the direction of stretching. From the analysis of the TMA curves (Figure 7.7a) it is seen that the
thermal expansion of the NC specimens cut in mutually perpendicular directions differs
markedly and there are anisotropic changes in the thermomechanical characteristic. Analogous
laws have also been obtained for specimens upon creep tests. For heated NC specimens cut along
the stretching direction, in both quasi-static tension and creep experiments, their clear similarity
to the TMA curves is observed (Figure 7.7b). For instance, in the glass transition temperature
range their linear sizes sharply decrease. However, specimens oriented in the creep regime
(curve 2) shrink to a greater extent and the process proceeds in a narrower temperature range
than for specimens oriented under quasi-static tension (curve 1). Next, when temperatures of 37
°C (under creep) and 64 °C (under quasi-static tension) are attained, the process of their

spontaneous stretching begins as sharply as shrinkage.
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Figure 7.7. TMA curves of NC specimens cut across (1) and along (2) the stretching directions under

guasi-static tension (a) and specimens cut along the stretching direction under quasi-static tension (1)
and creep (2) (b).

From a comparison with the TMA curves of unloaded NC specimens (Figure 7.1b), it is
seen that crystallization of oriented specimens begins at lower temperatures, and the shrinkage
value (assumed to be proportional to the degree of crystallinity) is much larger than that for
loaded specimens. This is explained by the fact that at orientation a considerable ordering of the
NC structure occurs, which is a kind of a crystalline "blank,” and therefore its transition to the
crystalline structure is considerably facilitated. As a consequence of the crystallization of fibrillar
aggregates the NC specimens do not completely regain their sizes either. At the same time, the
TMA curves of the specimens cut across the orientation, as the results of quasi-static tension and
creep experiments show, practically coincide in terms of the character of the change in the
deformability and in its value. The TMA curves of the second heating cycle of specimens reflect,
as for unloaded specimens, only one transition connected with the NC devitrification.

The data of X-ray structural analysis correlate well with the assumptions about structural
changes in the NC at its deformations to high values. Figure 7.8 presents meridian and equatorial
diffraction patterns of NC specimens pre-stretched to failure. It is seen that in the region of small
angles on the equatorial diffraction pattern a peak caused by the crystalline phases is present,
while it is absent from the meridian diffraction pattern. This effect can be explained by the fact
that at large stretches the material acquires an almost completely fibrillated oriented structure,
which leads to the disappearance of interfaces characteristic of microcrack walls. Apparently,
joining of microcrack walls occurs and, therefore, no diffuse scattering is observed on the

diffraction pattern meridian.
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Figure 7.8. Diffraction patterns of a tension pre-deformed NC specimen with ¢ = 6% cut from the "neck"
region: meridian (1); equator (2).

Thus, from the above data it follows that the specific features of the thermomechanical
behavior of the non-equilibrium structure of the NC upon stretching is largely determined by the
quantity of the initial binder, which has gone to the oriented state, from which fibrillar
aggregates of microcracks have been constructed. Changes take place in the region of T4 and,
consequently, they have a supermolecular character. In heating, the fibrils acquire a greater
mobility, and the coagulation process proceeds. This leads to a disorientation of fibrils with
respect to one another and a decrease in the interface area, which shows up macroscopically as
shrinkage of the NC.

This chapter concludes the description of complex investigation of mechanical and
thermophysical properties of epoxy-based NC filled with nanoparticles of MMT platelets under
effect of moisture. The interrelation of thermophysical and mechanical behavior with the
structural changes accompanying deformation of epoxy-based NC specimens having absorbed
moisture is established in the thesis at various schemes of loading and temperatures. The main
conclusions and results, as well as practical importance and scientific novelty of the complex

investigation are discussed and analyzed in the next chapter of the thesis.
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8. General conclusions, practical importance, and scientific novelty of the

work

The results of complex investigation on sorption, mechanical and thermophysical
properties of various epoxy resins and epoxy-clay nanocomposite are summarized as follows:
1. Sorption process of investigated epoxy-nanoclay composite was described by Fick’s
model with good agreement for filler content 0-6% wt. and atmospheres 24, 77, and 98%RH. It
was experimentally confirmed that sorption process in NC passed more slowly than in pure
epoxy resin, and for the composite with highest filler content diffusivity reduces about half of
diffusivity as for epoxy resin. The clay nanoparticles act as efficient barriers against moisture
transport. The increase in equilibrium moisture content observed with the increase of clay weight
content in NC was explained by growth of interphase content. The specific sorption capacity of
interphase in NC per 1% of filler was determined and the sorption isotherm of interphase was
derived.
2. Substantial effect of moisture on mechanical properties was shown. Absorbed moisture
essentially plasticized the composite changing its fracture character. Tensile strength of
moistened composite decreased twice. Elastic modulus both of moistened pure epoxy resin and
NC was reduced approximately 1/3 in comparison to initial state.

2.1. In order to estimate effect of filler morphological peculiarities on elastic properties of NC
Halpin-Tsai equations were modified for the case of layered silicate platelets and applied
to estimate effective elastic modulus of NC conditioned in atmospheres of different
relative humidity. The equation parameters obtained for specimens conditioned in dry
atmosphere were used for moistened NC and provided opportunity to estimate structural
changes of the polymer resin because of moisture absorption.

2.2. In order to estimate effect of interphase on elastic properties of NC the expressions for
the bulk and shear moduli of epoxy-clay NC were derived by modification of Norris
expressions for randomly oriented platelets. The properties of quasi-particle were
estimated at nanolevel considering efficiency of adhesion at different filler contents. Epoxy
resin was further filled with these quasi-particles and micro-model was applied to quantify
elastic properties of epoxy-clay NC. This analysis at nano- and microlevels provided
possibility to estimate the effect of filler and interphase properties and content on effective
properties of NC in whole.

3. Viscoelastic properties of epoxy resin and NC in relation to absorbed moisture content

were described on the basis of the principle of moisture-time analogy.
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3.1. The spectrum of delay times for NC with filler content 6% differed from a spectrum of
delay times for epoxy resin: delay times increased, the intensity decreased slightly. Value
of moisture-time reduction function for NC with filler content 2% was smaller in
comparison with epoxy resin. The further increase in filler content leaded to increase in
parameters of reduction function.

3.2. It was established that moisture-time reduction function correlated with change of upper
yield point of NC that indicated viscoelastic character of NC specimens’ deformation
having different moisture content.

3.3. Presence of correlation between moisture-time reduction function and volume change of
epoxy resin upon moistening allowed its estimating based on the data on swelling.

4. Moisture sorption caused plasticization of NC and leaded to decrease of glass transition
temperature by 10 °C. The deformation mechanism of NC changed significantly under affect of
moisture. Large plastic deformations and formation of transition regions to orientated state
("necking™) revealed during tension of moistened specimens of NC. Thermal expansion of the
NC specimens cut in mutually perpendicular directions after tensile quasitatic and creep tests
differed markedly and there were anisotropic changes in the thermomechanical characteristic.
The data of X-ray structural analysis correlated well with the assumptions about structural
changes in the NC at its deformations to high values.

5. Incorporation of impenetrable clay nanoparticles with high mechanical characteristics
didn’t reduce the negative effect of absorbed moisture on mechanical properties of NC. But since
the value of elastic modulus of epoxy resin was improved with respect to filler content up to 20%
epoxy resin modified by impenetrable stiff montmorillonite clay nanoparticles could be applied
in environments with higher-operating relative humidity.

The practical importance of the complex investigation of sorption, mechanical and
thermophysical properties of various epoxy resins and composites on their basis rests in the
obtained results of steadiness to different environmental factors (temperature, humidity, loading,
etc.) determination for novel composite materials. These results will allow estimating possible
applications of nanoclay composite materials under influence of environment factors (moisture,
temperature, constant and time-varying loading) that will facilitate expanding a scope of polymer
composite materials in civil engineering and technological sectors. Since the use of composites
in different spheres of life becomes inevitable due to loss of nonrenewable natural resources the
efficiency and safety of composites’ applications should be guaranteed by correct research of

operational properties under the influence of different factors.
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Following theses having scientific novelty are defended within the work:
1. The account of heterogeneity and formation of the interphase is significant upon
modeling of moisture absorption of and determination of sorption characteristics of epoxy-clay
NC;
2. Modification of Halpin-Tsai equations for isotropic polymer matrix filled with coplanar
transversally isotropic cylindrical particles of arbitrary aspect ratio and Norris equations for
polymers filler with randomly oriented platelets for the bulk and shear moduli allowed to
determine effective elastic moduli of epoxy-clay NC taking into account filler morphological
peculiarities (layered structure of filler particles and formation of inhomogeneous interphase);
3. The correlation between moisture-time reduction function with the change of upper yield
point and volume change of NC specimens upon moistening was established which indicates
viscoelastic character of NC specimens’ deformation having different moisture content and
allowed its estimating based on the data on swelling.
4. Anisotropic changes in the thermomechanical characteristic of the NC in mutually
perpendicular directions after tensile quasistatic and creep tests were revealed. These results
correlated well with data of X-ray structural analysis.

Main results of doctoral thesis are published in 6 scientific articles [P] and 3 conference
proceedings [C], and also reported at 12 international conferences (the conference theses are not

included in the thesis).
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ELASTIC AND SORPTION CHARACTERISTICS OF AN EPOXY
BINDER IN A COMPOSITE DURING ITS MOISTENING

K. Aniskevich, T. Glaskova,
and J. Jansons

Keywords: filled composite, epoxy binder, sorption, elastics characteristics

Results of an experimental investigation into the elastic and sorption characteristics of a model composite ma-
terial (CM) — epoxy resin filled with LiF crystals — during its moistening are presented. Properties of the
binder in the CM with different filler contents (vf =0,0.050.11,0.23,0.28, 0.33, 0.38, and 0.46) were evalu-
ated indirectly by using known micromechanical models of CMs. It was revealed that, for the CM in a condi-
tionally initial state, the elastic modulus of the binder in it and the filler microstrain (change in the interplanar
distance in the crystals, measured by the X-ray method) as functions of filler content had the same character.

The elastic modulus of the binder in the CM with a low filler content was equal to that for the binder in a block;

the elastic modulus of the binder in the CM decreased with increasing filler content. The maximum (corre-

sponding to water saturation of the CM) stresses in the binder and the filler microstresses as functions of filler
content were of the same character. Moreover, the absolute values of maximum stresses in the binder and of
Jfiller microstresses coincided for high and low contents of the filler. At v p = 0.2-0.3, the filler microstrains ex-

ceeded the stresses in the binder. The effect of moisture on the epoxy binder in the CM with a high filler content
was not entirely reversible: the elastic characteristics of the binder increased, the diffusivity decreased, and
the ultimate water content increased after a moistening—drying cycle.

Introduction

Filling a polymer with more rigid particles and/or a powder allows one to obtain a composite material (CM) with a
necessary complex of elastic and strength properties, which depend on the properties of the filler and the binder (polymer), the
coefficient of filling, and the manufacturing technology of the CM.

A change in the structure and properties of a polymer with time, because of physical and chemical transformations un-
der the influence of external factors (temperature, humidity, loading, etc.), leads to changes in the structure and properties of
the CM. These changes have to be predicted based on the results of investigating the variability of the structure and the proper-
ties of the binder with time. However, this information can be insufficient, since the structure and properties of the polymer in
the composite and in a block, as well as the character of their variation with time, can differ. The binder in a CM can be
inhomogeneous [ 1], forming a layer with a more or less expressed boundary at the interface with the filler. The density of this
layer and/or the binder in the CM may be higher or lower than that of the binder in a block, owing to distinctions in the degree of

Institute of Polymer Mechanics, University of Latvia. Translated from Mekhanika Kompozitnykh Materialov,
Vol. 41, No. 4, pp. 499-511, July-August, 2005. Original article submitted April 18, 2005.
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TABLE 1. Density (g/cm3), Coefficient of Filling, and Porosity of CMs

Initial After a sorption—desorption cycle
P vr Vp P Vs Vp
1.103 0 0.06 1.261 0 0.09
1.193 0.05 0.05 1.316 0.05 0.09
1.440 0.11 0.06 1.545 0.11 0.10
1.398 0.23 0.14 1.608 0.25 0.10
1.522 0.28 0.14 1.657 0.30 0.10
1.610 0.33 0.16 1.786 0.35 0.10
1.672 0.38 0.15 1.813 0.39 0.10
1.762 0.46 0.19 1.951 0.48 0.11

cross-linking and porosity. The presence of the boundary layer and pores affects the properties of the composite, such as its
elastic characteristics, strength, kinetics of moisture sorption, swelling, and character of failure. If the composite is subjected to
a long-term action of external factors, the structure and properties of this layer can change as a result of aftercure of the
polymer, relaxation of technological stresses, swelling, etc.

The purpose of the present study is to reveal the features of the structure and properties of an epoxy binder in a CM and
their changes with time under a long-term action of a moist atmosphere. To do this, we estimated and compared the theoretical
and experimental values of elastic and sorption characteristics of the binder in the CM and in a block.

2. Materials and Experiments

A model composite based on an epoxy binder filled with LiF crystals was investigated. This composite is character-
ized by a good adhesion between the filler and the binder [2]. The crystal structure of the filler makes it possible to estimate its
deformation in a CM, both in conditionally initial and moistened states, by using the X-ray method [2, 3]. The results of prelim-
inary experiments show that the filler does not absorb moisture.

We used series of CM specimens with different filler contents: u =0, 0.10, 0.20, 0.42, 0.48, 0.54, 0.59, and 0.68 wt.%
(four specimens for each value of 1), made by using the technique described in detail in [3]. The linear sizes of the specimens
were measured by a micrometer, and their weight m was found on a VLR-200 analytical balance. Then, we calculated the den-
sity p and, taking into account the value of p, the relative volume content of the filler v - in the CM. The porosity v,, was deter-
mined by the method of hydrostatic weighing. The values of p, v, and v, are given in Table 1.

The specimens were moistened in a desiccator above a saturated solution of K,SO, at a relative humidity of ¢=98%.
At certain time intervals, we removed the specimens from the desiccator, measured their linear sizes, weighed, and, using an
IChZ-9F unit, measured the resonant frequencies of longitudinal and torsional vibrations to determine the elastic £ and shear G
moduli [4]. As soon as the specimens were completely saturated, they were placed in a desiccator with silica gel to desorb
moisture from the CM.

The experimental values of the elastic modulus of CMs with different coefficients of filling are presented in Fig. 1. As
seen from the figure, an increase in the modulus £ with increasing v ¢ is observed for the CM in a conditionally initial state at
v <0.33, in the saturated state at all the values of v » considered, and after a moistening—drying cycle at v » <0.38. The rela-
tions between the shear modulus G and the quantity v » have the same character.

Figure 2 shows a typical — of the CM examined and the binder in a block — experimental relative weight of a speci-
—my
m

m
menw =

(my is the weight of the specimen in a conditionally initial state) vs. time ¢ during the sorption and subsequent
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Fig. 1. Experimental elastic moduli £ of the CM in the initial (O) and water-saturated (A)
states and after a moistening—drying cycle (@) in relation to the filler content v ;.

Fig. 2. Change in the weight w of CM (v, = 0.11) specimens with time 7 during moistening and
subsequent drying (experiment).

desorption. As is seen, the weight of the dried specimen is less than that of the initial one. This is explained in particular by the
fact that, before the beginning of tests, the specimens were not dried [they were in equilibrium with the environment (labora-
tory): 7; =20°C and ¢; = 59%]. In addition, the decrease in specimen weight after a moistening—drying cycle is also caused by
mass losses, as clearly seen from the sorption curve after the achievement of the saturated state. The weight losses can be

caused by volatilization of low-molecular substances from the binder and/or “squeezing of moisture” from the binder as a result
of its aftercure [3].

For a quantitative comparison of experimental results on moisture sorption and desorption from the CM, the initial
moisture content in specimens was estimated by additional tests. We used twin CM specimens in a conditionally initial state,

which were held in a desiccator with silica gel at 7; = 20°C for a long time. During this time, the specimens were repeatedly

weighed until their weight reached the limiting value m(. The difference Am = m —mj, was used as a correction in experiments
on moisture desorption from the CM.

Figure 3 shows the initial sections of sorption curves in the coordinates w,, — Ve, (where w,,, =w/(1—p)), characteriz-

ing moisture sorption by the binder in the CM. It is seen that, for a CM with a small content of filler, the sorption curves for the
binder in the CM and in a block practically coincide, while in the case of a high filler content they differ noticeably. This means
that the structure and properties of the binder in a CM with a high content of filler and in a block are different.

Figures 4 and 5 present the coefficients of swelling a. and ., and the ultimate moisture content of CM w™ and the
binder in the CM w,, =w,, /(1-p)as functions of the coefficient of filling. As follows from the data in Fig. 5, in sorption, the
value of w,; is practically constant at u <0.54 (v  <0.33) and decreases noticeably at high filler concentrations in the CM. In
desorption, the w,, -dependence of u appears already atp = 0.48 (v <0.28). The difference between the values of w,, insorp-

tion and desorption increases in absolute value with growing p. This cannot be explained by the presence of moisture in the
conditionally initial specimens, since, in this case, the experiment gives a value ~1%, which does not depend on p.
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Fig. 4. Coefficient of swelling of the CM (A) and binder (O) in the CM in relationto v /..

3. Calculation Models

ties of composites has been much studied and is taken into account in numerous mathematical models. Well-known are models
considering a spherical inclusion surrounded by a matrix layer in an equivalent homogeneous medium with unknown effective
characteristics. These are three-phase models, containing a particle, the surrounding matrix (the continuous phase), and the
composite itself with averaged properties. The external radius of the matrix layer, b, is found from the condition that the con-

centration of inclusions v satisfies the relation (a/ b)3 =vy, where a is the radius of the spherical inclusion. The effective

bulk K and shear G moduli are calculated from continuity conditions for displacements at the interface, assuming that the bulk
and shear moduli of the inclusion and matrix are known. According to this scheme, simple formulas for a composite with a

3.1. Micromechanical model of a filled composite. The effect of volume content of filler on the mechanical proper-

small volume fraction of inclusions were derived in [5]:
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Fig. 5. Ultimate moisture content w,, in the CM, related to the weight content of binder, upon

sorption (O) and desorption (@), their difference (A), and the weight losses of initial speci-
mens dried in a desiccator (A) in relation to .

Gy -Gy
G:Gm-i‘Vf 6K, +2G.) 5
1+(1—Vf )(G/ _Gm ) m m (2)
5G,, 3K, +4G,,)
where X ,,,G,,, and K IE Gf are the bulk and shear moduli of the matrix and filler, respectively. The elastic modulus E of the
CM in tension (compression) is equal to E = oKG .
3K+G

We should note that the above-mentioned theories are linear, i.e., they are valid in the case of small pressure and/or
small shear forces. Thus, in shear, the spherical form of inclusions must be retained. Although these theories have been devel-
oped for a certain geometry of inclusions, the resulting formulas are simple and convenient in use, in particular for comparing
theoretical and experimental data.

Since the rigidity of the filler of the CM examined is much higher than that of the binder (matrix), i.e., K, / K, <<1
and G, / Gy <<, formulas (1) and (2) become much simpler and take the form

14V, +2v, (1-2v,,)

T vy, (3)

B 24=5v,, )+ve(7-5v,,)
T 2l-vp)d-5v,,) 4)

Hereinafter, v,, and v are the Poisson ratios of the binder and CM, respectively.

The influence of porosity on the elastic characteristics of a CM can be modeled by using the same equations (1) and (2)
provided the rigidity of the filler (pores) is much lower than the rigidity of the binder: X / K, <<landG / G,, <<l Then, re-
lations (1) and (2) take the form

_ (1_vp)
K_Kmr(r+vp )’ (5)
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B (1-v,)(3+2r)
" 34204y, (24 3r) (6)

. . 4G 2(1-2v
where v, is the relative volume content of pores; 7= 3 m 2 m) )

K, I+v,
From Egs. (5) and (6), we derive expressions for calculating the elastic modulus and Poisson ratio of a CM filled with
air bubbles (pores):
_ 6E, (I1=v,)(3+2r)
14V, 12411(r+v, )+ 2r(r+ v, ) ()

6+7+v, +2r(2v, —r)
V= .
1241107+ v, )+ 2(r+ Tv,)) (®)

3.2. Moisture sorption by a quasi-homogeneous material. The moisture sorption by the epoxy binder and compos-
ites based on it is usually described by the Fick equation [6], which, for the case of one-dimensional diffusion, has the form

2
de_poic 0
ot ox2 (€))

where c(x, ¢ )is the concentration of diffusing moisture at a point x at a moment of time #; D is the diffusivity. For a plane-paral-
lel plate of thickness 4, at the initial c(x,? = 0) = ¢, and boundary c(x = 0,x =4, ¢ ) = ¢, conditions, the solution to Eq. (9) is the

series [7]
(e —Co) & (I=(=DF) . (mk k)
clx,t)=c, —2—2 "0 Z sin| —x |exp| { — | Dt |.
T p k h h (10)
Integrating Eq. (10) across the plate thickness, we obtain an expression for the relative moisture content in a specimen:
_ 0 1 1vk\2 2
w(t)=wgy —2(WOO WO)Z(l D) exp, {nk) Dt |.
e R = h (11

Here, w,, is the ultimate (equilibrium) moisture content in the specimen.
The diffusivity is determined from the slope of the initial section of the sorption curve [§]

D:ﬁ 2

F=, 12
16t (12)

w(t)—wyq

where F = is the relative change in the moisture content w(¢)in the specimen from wy to w,, . The value of w, is

Weo =W
found experimentally. Both the parameters D and w,, depend on the surrounding temperature and humidity [8].

The Fick model is the simplest and, at the same time, the most widespread for describing the process of moisture sorp-
tion. However, it does not describe the decrease in weight with time observed in experiments (see Fig. 2).

In [9], an approach is presented where it is assumed that the diffusion is accompanied by volatilization of the low-mo-
lecular-weight components unreacted during curing of resin or formed as a result of a possible chemical interaction between the
water and polymer. The total change in the specimen weight is

w(t)=wq (£)=w,, (1) (13)

346



Here, wy (¢)is the change in weight due to diffusion described by Eq. (11); w,, (¢)is the change in weight due to the volatiliza-
tion of low-molecular-weight components, determined by the differential equation of first order

dw,,

— =y(wy —w 14

o Y Wy —wy, ), (14)
where wyy is the maximum change in weight of the CM due to the escape of all low-molecular-weight substances, and y is the
factor of proportionality.
With the initial condition w,,(0)= 0, Eq. (14) has the solution

Wy, (1) = wyy [1—exp(—y1)]. (15)

3.3. Moisture sorption by a composite. The kinetics of moisture sorption by a composite in which the filler does not

absorb moisture depends on the sorption characteristics of the binder, its relative content in the CM, and the presence of pores

in it. The diffusion processes are described by the same equations as the heat and electric conduction. Therefore, the diffusivity

D of'a composite with a given coefficient of filling v » can be calculated from the known diffusivities of the binder D,, and filler

D ; by the formulas derived in solving the problem of heat conduction for a heterogeneous material. For example, in [10], poly-
mer blends were calculated by the relation

Y. D;V;3Dy /(D; +2D )

_ i=m,f
'ZI{,- 3D, /(D; +2Dy) (16)
i=m,f
derived by Kerner.
For the CM examined, D ~0. At D ¢ /Dm — 0, relation (16) takes the form
D=D, |1+
= +

" ) (17)

where v, =1-v, —v,.
4. Calculation Results and Discussion

For an indirect evaluation of the elastic £,, and shear G,, moduli of the binder in a composite, according to the experi-
mentally determined elastic £ and shear G moduli of the CM with the known coefficient of filling (see Fig. 1), we used relations
(3) and (4). The values of £, calculated for the CM in conditionally initial and water-saturated states, as well as for the CM af-
ter a moistening—drying cycle, are presented in Fig. 6a. As follows from the data in the figure, for the CM in the conditionally
initial state, the elastic moduli of the binder in the CM and in a block are equal at v r <0.33; with increasing v s E,, decreases.
In its character, the dependence E,, (v » )is similar to the relation between the filler (LiF crystals) microstrain in the CM and the
coefficient of filling [2]. This is obviously caused by the fact that the higher the rigidity of the binder, the more it “stretches” the
filler particles because of its shrinkage during the manufacture ofa CM. Atv » >0.33, the state of binder in the CM differs from
that in a block: it is characterized by a smaller elastic modulus. This can be explained by insufficient curing of the binder, the
porosity, and the presence of an interphase layer with characteristics different from those of the binder in a block.

For the CM in the saturated state, we obtained a rather wide scatter of £,, values, which lie around the straight line £,
=2.2 GPa. For the CM after a moistening—drying cycle, £, (v ;)= 3.8 GPa. Thus, the effect of moistening the CM up to satura-
tion and the subsequent drying is expressed by an increase in the elastic modulus of the binder £,, in the CM at high coeffi-
cients of filling v >0.33.
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Fig. 6. Elastic E,, (a) and bulk X', moduli of binder (b) in the CM in relation to v for CMs in
the initial (O) and water-saturated (A\) states and after a moistening—drying cycle (@), calcu-
lated from elastic characteristics of the CM by Egs. (3) and (4).

Since two independent elastic characteristics of the binder, K, and G, , were optimized in approximating the elastic
E,G

modulus of the composite, let us consider the bulk modulus in hydrostatic compression K, =——"—-"___in relation to the

333Gy, —Eyy)

coefficient of filling. The dependences K ,,, (v s ) for the CM in the conditionally initial and water-saturated states, as well as af-
ter a moistening—drying cycle (Fig. 6b), have an extreme character. Their maximum occurs at v #=0.23 for the CM in the con-
ditionally initial state and at v , = 0.28 in the water-saturated state. For the latter state, the maximum is more pronounced. The
subsequent drying leads to a shift of the maximum toward great values of v (v = 0.33), with practically no changes in its
magnitude. If the maximum is caused by the presence of a denser and more rigid binder layer at the boundary with the filler, the
parameters of this layer in the water-saturated state of the CM and after a moistening—drying cycle differ from those of the
boundary layer in the initial CM.

Figure 7 shows the results of indirectly evaluating — by Eq. (17) — the diffusivity D,, of the binder in the composite
from the experimentally determined value of D (see Fig. 3) of a CM with a known coefficient of filling. As follows from these
data, in sorption, the value of D,, of the binder in the CM grows with v »; at v, >0.33, this value is several times higher than
thatin a block. In desorption, the values of D, of the binder in the CM and in a block at v » <0.33 practically coincide. Atv, >
0.33, the diffusivity D,, of the binder in the CM is several times higher than in a block, but this difference is less than in the case
of sorption. At high coefficients of filling (v, >0.33), after a moistening—drying cycle, the decrease in the diffusivity of the
binder in the CM correlates with the increase in its elastic modulus £, . The change in both the parameters indicates that the
structure of the binder in the CM is improved after the moistening—drying cycle.

Thus, the results of comparing the elastic characteristics of the binder in the CM in a conditionally initial state and after
a moistening—drying cycle (see Fig. 6), as well as the characteristics of moisture sorption and desorption from the binder in the
CM (see Fig. 7), show that the effect of moisture on the binder in the CM has an irreversible character mainly at high filler
concentrations.

Using the dependences E,, (v )(see Fig. 6a), a,,, (v )(see Fig. 4), and W (v )(see Fig. 5), we calculated the maxi-
mum stresses of swelling in the binder o}y, in the CM for different values of v r (Fig. 8). As seen from the graph, O ax de-
creases with increasing v ,; the dependence Oax (V r )is practically linear. For comparison, the maximum changes in the ten-

sile microstresses c-{;ax in LiF crystals in the CM due to its moistening up to the water-saturated state, calculated from the

results of X-ray analysis [3], are also given here. A quantitative estimation of the microstresses in LiF crystals in the CM was
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Fig. 7. Diffusivity D,, of binder in the CM in relation to v r, calculated from the sorption (O)
and desorption (@) curves of CM by Eq. (17).

Fig. 8. Maximum stresses in the binder (@) and microstresses in LiF crystals (O) [3] upon
moistening the CM in relation to v .

carried out on the assumption that £ ; =86 GPa. The absolute values of 6y, and cs-{;ax coincide in the region of small v ¢, and,

max | - Compared with

within the limits of scatter, they also coincide for great values of v . In the region v » =0.2-0.3, Ciax | > ‘cf

the volume-average changes in stresses in the binder, the greater — in absolute value — changes in the filler stresses are obvi-
ously caused by the presence of a more rigid binder layer at the filler boundary. The effect of the boundary layer is also ex-
pressed by the extremum of the dependence K, (v )at v, =0.2-0.3 (see Fig. 6b).

With increasing coefficient of filling, practically all the binder is concentrated in a thin layer around the filler particles.
However, the elastic characteristics of the binder in the CM (£, and K ), calculated from the properties of a CM with a known
coefficient of filling, decrease. This can be explained by the influence of porosity on the elastic characteristics of the binder in

the CM. With increasing v ;, the relative volume content of pores v,, in the CM increases (see Table 1), and thus the relative

p

volume content of pores v, in the binder of the CM also increases. The elastic characteristics of a binder with pores in the CM

p
were evaluated with the use of Egs. (7) and (8). It was found that, in the absence of pores, the value of £,, increased with v,

and, at great v ¢, it could reach 5 GPa in the initial CM and 8-10 GPa in the CM after a moistening—drying cycle.
5. Basic Results and Conclusions

It is established experimentally that the processes of moisture sorption by the binder in a CM with a small filler content
(n=0.10, 0.20, 0.42, and 0.48) and in a block differ; at high filler contents (1 = 0.54, 0.59, and 0.68), the sorption process pro-
ceeds faster.

The results of comparing the theoretical and experimental data obtained show that, for the CM in a conditionally initial
state, the relation between the elastic modulus of the binder in the CM and the coefficient of filling p has the same character as
that between the filler microstrain (changes in the interplanar distance in the crystals, measured by the X-ray method) and pt in
the CM. The elastic moduli of the binder in a CM with a small filler content (u = 0.10, 0.20, 0.42, and 0.48) and in a block are
equal; with increasing coefficient of filling, the elastic modulus of the binder in the CM decreases.
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The relation between the maximum stresses (corresponding to the ultimate water saturation) in the binder in the CM
and the coefficient of filling p has the same character as the relation between the filler microstrain in the CM and p. Moreover,
the absolute values of maximum stresses in the binder and filler coincide at high and low coefficients of filling. Atv » =0.2-0.3,
the maximum stresses in the filler are higher than those in the binder.

The effect of moisture on the epoxy binder in the CM with a high coefficient of filling, 1 = 0.54, 0.59, and 0.68, is not
entirely reversible: after a moistening—drying cycle, the elastic characteristics of the binder in the CM increase, the diffusivity
decreases, and the ultimate moisture content increases.

The correlations obtained between the calculated elastic characteristics of the binder in the CM, as well as the stress
levels in the binder in the CM, and the microstrains in filler crystals, measured by the X-ray method, confirm that the structural
(Kerner) model can be used to calculate the elastic characteristics of the composite from the properties of its components for all
the coefficients of filling considered.

The low elastic moduli and the high diffusivity of the binder in the CM, compared with the characteristics of the binder
in a block, as well as the improvement of these parameters after a moistening—drying cycle, indicate that, in the binder of the
CM with a high filler content, structural changes (possibly, aftercure) occur during moistening the CM.
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A COMPARATIVE ANALYSIS OF MOISTURE TRANSPORT
MODELS AS APPLIED TO AN EPOXY BINDER
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Keywords: epoxy binder, moisture sorption, multiphase sorption, sorption models

The results of experimental and theoretical investigations into the kinetics of moisture sorption by a neat epoxy
resin obtained from RAE Industries (Reapox 520, D523) are reported. The sorption process was realized in at-
mospheres with a constant relative humidity of 33, 53, 75, 84, and 97% and a temperature of 50°C. The results
obtained showed that the diffusion behavior of epoxy resin did not obey Fick’s law under the experimental con-
ditions considered. Consequently, the application of a non-Fickian diffusion model was necessary. For this
purpose, two-phase moisture sorption models, a model with a time-dependent diffusivity, a two-phase material
model, as well as relaxation and convection models of anomalous diffusion, were considered. The model pa-
rameters were obtained from the approximation of experimental sorption data. A comparative analysis of the
sorption models was performed, and the specific features of their applications were estimated. The two-phase
material model and the model with varying diffusivity were found to be the most suitable ones due to a good
agreement between calculation results and experimental data and the rather small (three or four) number of
parameters, which make them more flexible and physically more justified than the classical Fick’s model with
its two parameters.

Introduction

The extensive application of epoxy resins is explained by their structural features and high operational properties, the
ability to be cured in a wide temperature interval, the insignificant shrinkage, the non-toxicity in the cured state, the high values
of adhesion and cohesion strength, and the chemical stability. In this connection, epoxy resins are used as binders to create ma-
terials with good physicomechanical properties. However, epoxy binders, as well as the majority of other ones, have a consid-
erable drawback, namely a rather high moisture sorption, which noticeably degrades their functional, structural, and
mechanical properties [1, 2].

Materials based on polymers are frequently exposed to a humid environment. Water molecules, as well as low-molec-
ular substances, are able to move in a polymeric binder and change its physical properties. The key parameters determining the
mechanism of moisture sorption are the chemical composition and microstructure of the polymers.

The moisture sorption in epoxy binders and composites based on them is investigated rather well. Different models
have been suggested for describing the water sorption kinetics [3-10]. It is usually assumed that the moisture sorption in epoxy

*Institute of Polymer Mechanics, University of Latvia, Riga, Latvia. **University of Porto, Porto, Portugal. ***Uni-
versity Tras-os-Montes and Alto Douro, Vila Real, Portugal. Translated from Mekhanika Kompozitnykh Materialov, Vol. 43,
No. 4, pp. 555-570, July-August, 2007. Original article submitted March 12, 2007.
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binders proceeds by diffusion according to Fick’s law [3, 11]. Such a model, which suits well the initial stage of moisture sorp-
tion, is often inadequate for describing the moisture sorption process as a whole. The moisture sorption can activate different
processes in a material, which, in turn, affect the water sorption kinetics (chemical reactions, leaching of low-molecular com-
ponents, etc.). Therefore, the purpose of this study is to estimate the applicability of different moisture transport models to de-
scribing experimental data on water sorption in epoxy binders and to determine the most adequate ones.

Materials and the Experimental Procedure

We investigated a Reapox 520 epoxy binder presented by the RAE Industries company. The cure process was per-
formed in four steps. First, the binder was cured at 20°C for 7 days. Then, the material was held for 24 h at a temperature of
40°C, annealed at 130°C, and rapidly cooled down to 50°C.

The specimens were made in the form of thin plates 50 x 20 x 2 mm in size, so that to favor the one-dimensional diffu-
sion. They were moistened in atmospheres with various humidity =34, 53, 75, 84, and 97%, at a temperature of 50°C, which
were created by using saturated solutions of MgCl,, Mg(NOs),, NaCl, KCl, and K,SO,.

The specimens were weighed periodically, and their mass increment m(# ) —my, against the initial mass m( was used to
find the moisture content during sorption
m(t)—my

w(t)= -
0

Sorption Models

Let us clear up the applicability of basic sorption models to describing the moisture sorption process in the epoxy
binder.

Classical model with a constant diffusivity

In this model [3], it is assumed that moisture sorption occurs only by diffusion. According to the first Fick’s law, the
diffusant flow density j is directly proportional to the gradient of its concentration c:

Jj=-Dgradc, (1)

where D is the diffusivity, describing the rate of moisture sorption, which is independent of moisture concentration. For a
nonstationary state, with account of the mass conservation law, the second Fick’s equation is valid. For the case of a one-di-
mensional diffusion along the x axis, when the specimen thickness is smaller than its length and width, it has the form

2
oc o“c
S-p=.
ot o (2)
where c¢ is the moisture concentration in the specimen at the instant of time ¢.

The solution to Eq. (2) for a plane-parallel plate of thickness 4, with initial ¢(0 <x < h, t = 0) = ¢() and boundary c(x =0,
x=h,t>0)=c, conditions, is the series [3]

0 k 2
c(x,t)=cy —2(C°° _CO)Z[I_(_D ]sin(nkaexp {nk) Dt |.
el k h h

T

)

Integrating Eq. (3) across the plate thickness, we come to an expression for determining the moisture content in the
specimen:
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Fig. 1. Diffusivity D vs. the relative humidity ¢ of environment.
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Fig. 2. Changes in the specimen mass with time at different values of ¢ (numbers next to the
curves): experimental data (dots) and calculations by Fick’s model (4) (curves).

© k2 2
w(t)=w,, —2= ;Wo)k;[l—(;) P oo {Tzcj ol

T

4)

Here, w,, is the equilibrium moisture content in the specimen. Thus, the model considered contains two material char-
acteristics as parameters: the diffusivity D and the equilibrium moisture content w,, . In numerous studies (e.g., [3]), it is shown
that, if the sorption curve is drawn on a diagram whose abscissa axis is \1, the initial section of this diagram will be a straight

line passing through the origin of coordinates. Then, using experimental data, the diffusivity can be determined from its

inclination:
2
h
p=""_2,
16 )
w(t)=wq . . . . . . . . .
where L = ————is the change in the moisture content w(¢)—w, in the specimen by the instant of time ¢, normalized to its
Wo —Wo

maximum value. The second parameter of the model — the equilibrium moisture content — as a rule, is found experimentally
as the maximum moisture content achieved in the specimen. We should note here that, according to Eq. (4), this maximum is
achieved only asymptotically at # — oo, which in practice leads to an error in determining w,,. The relation between the
diffusivity found by Eq. (5) and ¢ of the environment is shown in Fig. 1.
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Fig. 3. Changes in the specimen mass with time at different values of ¢ (numbers next to the
curves): experimental data (dots) and calculations by Eq. (6) (curves).

The results from calculating the moisture content by Eq. (4) and experimental data for atmospheres with various hu-
midity are shown in Fig. 2. It is clear that the Fick’s model describes well the process of moisture sorption in a low-humidity at-
mosphere, but when the relative humidity exceeds 75%, the moisture sorption process slows down in the middle part of
sorption curve.

In other words, the value of moisture sorption rate used in the calculation is overestimated, since the model disregards
the processes of interaction between the moisture and polymer, swelling, etc., which accompany the process of moisture sorp-
tion. It is seen that the adequacy of Fick’s model declines with increasing relative humidity of environment, since the diffusion
mechanism becomes less dominating, and other mechanisms, such as the interaction between the polymer and the diffusant
and/or relaxation processes, start to affect the moisture transport in the polymer [12]. The alternative models of moisture sorp-
tion which can be used to explain the deviation of moisture transport in polymers from the classical diffusion mechanism with a
diffusivity independent of moisture concentration, take into account different subtle differences in the moisture sorption
process in each particular case.

A model taking into account the two-phase state of absorbed moisture in the material

This model, known as the Langmuir model, is described, for example, in [4, 5]. According to this model, the anoma-
lous moisture sorption in epoxy binders can be explained on the assumption that the absorbed moisture exists in two — free and
bound — phases. The free-phase molecules diffuse with a diffusivity independent of diffusant concentration and are absorbed
(become bound) with a probability 3 in a unit time. The molecules leave the bound state with a probability o in a unit time.
Therefore, the process of diffusion is described by the same equation of diffusion (2), which is only modified and now takes
into account the two-phase state of moisture in the material.

According to this model, the moisture content in a material, as a function of time w(t ), depends on four parameters: D,

)2
[1-(=1)¥ 1% exp {“j Dt
w(t)=wyql——— B exp (—at) ¢ ii "
. a+p 2

B = k=0 k2

W, , and the probabilities oo and P and is expressed by the formula

(6)

The results of calculations by the Langmuir model, depicted in Fig. 3, show a better description of the sorption curve
with account of the two-phase nature of moisture in the epoxy binder. This in turn means that, although the moisture sorption
process could proceed by diffusion, some part of the water molecules absorbed was connected with polymer molecules, but
some part was free.
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Fig. 5. Changes in the mass of specimens with time at different values of @ (numbers next to the
curves): experimental data (dots) and calculations by Eq. (7) (curves).

The growing values of the parameters o and B with increasing humidity of environment, shown in Fig. 4, points to the
increased possibility of transition of water molecules from the bound state into the free one and back. It is seen that, since the
possibility for water molecules to become bound is much lower than to become free, the process of interaction between water
and polymer can be presented as a constant migration of diffusant molecules from the bound state into the free one.

A model taking into account the two-phase nature of the material

In the model known as the Jacob’s—Jones model [6], it is assumed that the material consists of two phases of different
density and, accordingly, different sorption properties. It is assumed that the moisture sorption process in both the phases pro-
ceeds simultaneously and obeys Fick’s law. The possibility of formation of chemical bonds between water and polymer
molecules is neglected.

The moisture content in each phase of the material is expressed by the formulas

Wl =W @ -(-1)*1? )’
wy(t)=wy —2( 12 O)kZ_:l[ (kz) ] exp {T;j Dyt ],

T

k12 2
W (1) =Weop AL WO)Z[I Ch] exp {nkj Dyt |,
2 k2 h
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0.02 - D, mrnz/h
N

o
0.01 -

O\
O\o‘
'.M
L ° ! S -I ¢, %o
0 40 60 80 100

Fig. 7. Diffusivity of the phases D; (O) and D, (@) vs. ¢.

which contain four unknown parameters, namely the equilibrium moisture content and the diffusivity of each of the phases.
The total moisture content in the specimen is

w(t)=wy (1)+wy (1), )

where wy (1) = Am andw, (1) = Aﬂ; Amy and Am, are the mass increments of the phases with respect to the specimen mass.
mo my

The calculation by Eq. (7), presented in Fig. 5, agrees with experimental data rather well for all the values of ¢, which
means that the epoxy binder can be two-phase. It is known that epoxy resins contain both areas with a sufficiently perfect and
dense spatial network and poorly cross-linked regions, which can be regarded as a two-phase structure of the material. This
model does not take into account possible changes in the material microstructure during the sorption process, which can be ex-
pressed in a worse description of sorption curves with increasing relative humidity of the environment, as seen from Fig. 5.
Nevertheless, it can be used for an objective estimation of sorption characteristics of materials with a nonuniform structure.

An advantage of the given model is the possibility of describing the equilibrium moisture content by the
Guggenheim—Anderson—De Boer equation [6]

" kfo ’
(1= fo)[1+ (k=1) fo] )

Weo
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Fig. 8. Approximation of experimental sorption data according to the model with a
time-variable diffusivity for different ¢ (numbers next to the curves).

where wy is the moisture content connected with the more hydrophilic phase, & is the factor of bond strength between water and
polymer molecules, and fis the ratio between the chemical potentials of an indirectly bound diffusant molecule and a diffusant
molecule in the free liquid state. The low values of f'( /< 1) indicate that the polymer is hydrophobic. It is assumed in this case
that sorption ability of both material phases is equal,w,; =w,.

As seen from Fig. 6, formula (8) is good for describing the sorption isotherm. In turn, it follows from Fig. 7 that the
diffusivity in the different phases differs several times. Probably, this reflects the real material structure, with areas of relatively
small and high permeabilities. The account of two-phase nature of the system allows one to improve the description of the
sorption curve.

A model with a time-dependent diffusivity [7]

According to this model, owing to the physical processes going on in the material (primarily, the plasticization and as-
sociate changes in the relaxation character, as well as aging, aftercure, etc.), the diffusivity decreases with time in proportion to

its current value:

dD
= D(t).
7 (1)

The solution of this equation is D = D, e~ This model contains three parameters — the diffusivity at the initial in-
stant of time Dy, the equilibrium moisture content w,, , and the coefficient y describing the rate of change in diffusivity.

To reduce the diffusion equation to Eq. (2) with a constant diffusivity D, we use the principle of modified time, by
analogy with the change in D under a nonstationary temperature [13]:

. 1-e "
att =e Mar, ¢ =I e Mt = .
0 Y ©)
Then, the diffusion equation takes the form
oC
67 =DyAC. (10)

Using the earlier-found solution (4) to Eq. (2) and replacing ¢ with ¢ , according to Eq. (9), the solution to Eq. (10) for
the one-dimensional case has the form
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2w =) S O-CDT i

Sk (11

wW=w,

where F == [1—exp (=y1)]; A K= n—k; F is the Fourier criterion, y =1/7, and 7 is the characteristic time of relaxation. A de-
Y a

scription of the sorption curve by Eq. (11) is shown in Fig. 8.

The diffusivity D as a function of time and the relative humidity of environment is shown in Fig. 9. It is seen that, at
great times, the diffusivity tends to an infinitesimal value, which describes the saturated state of the system. During moisture
sorption (for about 450 h) at o=98%, Dy =3.61-1 03 cmz/h, and y=0.002, the diffusivity decreased 4-6 times. In general, due

to the presence of three parameters, the model is relatively flexible and can describe the sorption curves rather well (Fig. 8).
Relaxation model of anomalous diffusion
This model [9] considers the time-dependent boundary conditions

n(e)=m +o—py)exp(-rt), rz0 (12)

where 1 and p; are the initial and limiting moisture concentrations and r is the constant of relaxation. The quantity | is a
characteristic of the supermolecular structure, reflecting the diffusant-caused structural transformations in the polymer. These
transformations can be described by changing the equilibrium boundary conditions, i.c., by regarding them variable. Thus, for
the boundary conditions c(x,0)=c( and ¢(0,¢)=c(h,t)=n(¢), the moisture content in a plane-parallel plate of thickness 4 is
calculated by the formula

w(t)=M; +(Mq—M;)exp(—rt)-8) Sy,
k=0

(13)

where

(Voni Dz—Vlrjexp[—nk thj+V(M1 =M )exp (—rt)
S, = h h

2( 2 D
n | n;, —-r
"( K p2 j
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Fig. 10. Changes in the mass of specimens with time at different values of ¢ (numbers next to
the curves): experimental data (dots) and calculations by relaxation model (13) (curves).
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The calculation according to model (13), shown in Fig. 10, describes the sorption curves at great times rather well, but
underestimates the rate of moisture sorption at the initial stage. Another drawback of this model is the presence of a great (five)
number of coefficients, which complicate calculations and, in this case, have no exact physical meaning. Therefore, although
this model accounts for the relaxation in materials which occurs under any boundary conditions, it is more suitable for describ-
ing the process of moisture sorption under a nonstationary humidity. An example of nonstationary humidity is a seasonally
varying humidity of the environment.

Convection model of anomalous diffusion

Upon nonuniform moisture sorption, layers with different moisture contents can arise in the material, which leads to
the appearance of a diffusant flow through the material. The process of moisture convection can be taken into account by sup-
plementing the equation of diffusion (2) with an additional term:

2
CopZe %
o ox? |ox (14)
which describes the diffusant flow at a rate v. The solution of Eq. (14) is found for the initial and boundary conditions
c(x,0)=0 and c(0)=c(l,t)=py. (15)
For the equilibrium state, we have
02 Coo Ocy,
b2 —‘{ =0 (16)
ox ax
where ¢, (0)=c,, (/,t)=p (. The solution to Eq. (16) is
1+exp Yy _h
Ho D 2
Cy (x)= .
1+ex vh
p D 17)
As aresult of integrating Eq. (17) across the specimen thickness, we find the limiting moisture content in the specimen
My (expd -1
Wy = +1],
* 1+exp9£ 9 J (18)
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Fig. 11. Changes in the mass of specimens with time at different values of ¢ (numbers next to
the curves): experimental data (dots) and calculations by convection model Eq. (19) (curves).

where M =hpy and 9 = 12 %l is the parameter determining the convection rate. It is logical that the solution of Eq. (14), with

account of Eq. (15), at great times tends to solution (18).
Integrating the solution of Eq. (14) across the specimen thickness 4, we come to the expression for moisture content in
the specimen

16M  coth 0.59

W(t)=wy, —
) I+exp 9

k+1
" i ny [ny exp;).SS J;(—21) 9]
Par ©%+n2)

D
exp{—(nlf +82)hzt} (19)
where n; =n(2k+1).

The results of calculations by Eq. (19), shown in Fig. 11, point to a rather good description of sorption curves at all
stages of moisture sorption for all ¢ the atmospheres considered, but the great (five) number of coefficients complicates the cal-
culation. Therefore, the application of the given model is justified only in the case of heavily swelling polymers, whose sorp-
tion capacity is high [9].

Comparison of Models

The sorption models considered in the present study reflect the process of moisture sorption in different ways, taking
into account certain additional processes occurring in a material. These models describe experimental data rather well, but not
always can we agree with the physical meaning laid in them for describing some particular situation, as in the case of convec-
tion and relaxation models of anomalous diffusion. Therefore, in each specific case, one must be guided not only by the results
of good approximation, but also by the physical interpretation of the complex process of moisture sorption included in the
models.

Figure 12 presents a comparison between all the models examined in this study for an atmosphere with the maximum
relative humidity ¢ = 97%. To evaluate the correspondence between the calculations and experimental results, the sum of all

of the calculation results w; from the experimental data w; was determined. It is seen that

absolute deviations s =) ‘w,e —w;
i

the presence of a greater number of parameters leads to a better description of experimental data. However, in choosing a suit-
able model, the number of parameters used in the model should also be considered.
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Fig. 12. Comparison of moisture sorption models at ¢ = 97%. N is the number of parameters
(7)), and A'is the absolute deviation, % (10).

Consequently, the models most suitable for describing the kinetics of moisture sorption for the particular epoxy binder
are the two-phase model taking into account the two-phase nature of materials and the model with a variable diffusivity. The
latter one has only three parameters and agrees well with experimental results. The model with a two-phase material, in turn, is
characterized by four independent parameters, but it has a good physical basis — the two-phase nature of the system, with cor-
responding values of diffusivity and equilibrium moisture content for each phase.

Conclusions

In this study, a comparative analysis of various moisture sorption models, based on different assumptions and bound-
ary conditions and distinct physical interpretations of the process of moisture sorption, as applied to an epoxy binder moistened
in atmospheres with different relative humidity has been carried out. It is shown that, with increased environmental humidity,
the classical Fick’s model is unable to adequately describe the process of moisture sorption, since it takes into account only the
diffusion mechanism. In such cases, it is also necessary to consider the additional processes arising during moisture sorption in
the material.

It is shown that a good approximation of experimental data not always evidence the validity of a model, even in the
case where they are physically substantiated. For example, the Langmuir model and the model with a two-phase material are
based on different physical interpretations of the process, each of them is physically admissible, and both give good approxima-
tions of experimental data. Consequently, the true applicability of a model can be confirmed by check tests including sorp-
tion—desorption cycles or sorption under nonstationary environmental conditions.

Most suitable for describing the sorption kinetics are found to be the model taking into account the two-phase nature
of materials and the model with a variable diffusivity. These models give results agreeing rather well with experimental data
and, in addition, contain a relatively small number of parameters, which make them more acceptable in practical applications.
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The peculiarities of moisture absorption of epoxy-nanoclay composite are estimated in the paper. Second
Fick’s law of diffusion was used to predict moisture diffusivity and equilibrium moisture content using
accelerated analytical procedure. It was experimentally confirmed that sorption process in NC passes
more slowly than in pure epoxy resin, for the highest filler content diffusivity reduces about half of dif-
fusivity as for epoxy resin. The deviation from mixture rule was obtained for the equilibrium moisture
content and the estimation of interphase content in composite was undertaken. It was determined that
the higher content of interphase consistently leads to greater moisture absorption.
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1. Introduction

The scientific and industrial interest devoted to polymer/lay-
ered silicate nanocomposites (NC) due to their outstanding proper-
ties and possible novel applications have resulted in numerous
studies [1-5,8-11,18,19]. Polymer NC are polymers (thermoplastic,
thermosets, or elastomers) filled with small quantity (less than 6%
by weight) of nanosized particles.

These materials promise improvements over conventional com-
posites in mechanical, thermal, electrical and barrier properties.
Furthermore, they can significantly reduce flammability and main-
tain the transparency of the polymer matrix. In the case of layered
nanoclay filler contents of 2-5% by weight result in mechanical
properties (tensile elastic modulus and strength, fracture tough-
ness) similar to those achieved in conventional composites with
30-40% filler content [5].

The attractive characteristics suggest a variety of possible
industrial applications for NC: automotive (gas tanks, bumpers,
interior and exterior panels), constructions (building sections and
structural panels), aerospace (flame retardant panels and high per-
formance components), electrical applications and electronics
(electrical components and printed circuit boards), food packaging
(containers and wrapping films) [6,7].

The key to such performance rests in the ability to exfoliate and
disperse individual, high shape-anisotropic silicate particles within
the polymer matrix [8,9]. The complete dispersion of clay nanolay-
ers in a polymer optimizes the number of available reinforcing ele-

* Corresponding author. Tel.: +371 67543120; fax: +371 67820467.
E-mail address: Tatjana.Glaskova@pmi.lv (T. Glaskova).

0266-3538/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compscitech.2009.08.013

ments for carrying an applied load and deflecting cracks. The
coupling between the tremendous specific surface area of the clay
(S~ 800 m?/g) and a polymer matrix facilitates stress transfer to
the reinforcement phase, allowing for such tensile and toughening
improvements [10].

Apart from the mechanical properties, the excellent barrier
capability with significantly reduced permeability of moisture
and gases is one of the most attractive and useful properties that
have not been fully explored in the past [11,12]. The enhanced
gas barrier properties of NC are now finding some limited applica-
tion in packaging material and containers for a wide variety of food
and beverage products. Meanwhile, the moisture barrier properties
of NC are yet to be exploited.

While epoxy resins are very attractive due to their high strength
and stiffness, high temperature resistance, low volatility, creep and
shrinkage, good adhesion to metal and ceramic substrates. Never-
theless epoxy resins have a major drawback of high moisture
absorption, which in turn degrades the functional, structural and
mechanical properties of the composites [13-18].

Because of the high shape-anisotropy and surface of the exfoli-
ated silicate layers they act as efficient barriers against transport
through the material. The transport speed of gases and vapors
through the polymer is reduced because the impenetrable silicate
layers cause an increase in the path length for molecules diffusing
through the polymer. Because absorption of water reduces the
elastic characteristics of hydrophilic polymers, the addition of
nanoparticles to minimize the negative effects of water uptake is
particularly useful [17-21]. The reduction of moisture absorption
in turn can suppress the internal damage and progress to improved
long-term performance of the NC.
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The objective of this paper is to establish peculiarities of mois-
ture sorption of epoxy-nanoclay composite. For this purpose the
moisture diffusion behavior in atmospheres with different relative
humidity of the NC containing different clay contents has to be
investigated.

2. Experimental

The investigated material was provided by Research institute
SYNPO, Pardubice, Czech Republic. It was received in the shape
of thin and wide plates with dimensions 2.0 x 200.0 x 200.0
(£0.2) mm and then cut accordingly into bars with dimensions
2.0 x 8.0 x 100.0 (£0.1) mm.

The NC consisted of bisphenol-A epoxy resin and octadecyl-
amine modified montmorillonite (MMT)-based organoclay. Four
filler weight fractions c = 0%, 2%, 4% and 6% were used in order to
study kinetics of moisture absorption of NC.

Specimens in the form of thin plates were used in order to mea-
sure the percentage of weight change due to moisture absorption
as a one-dimensional diffusion mode. Specimens were dried in an
oven at 80 °C to remove internal stresses which appeared during
their production before starting the tests. The specimens were
placed then into the humid atmospheres at room temperature, were
periodically removed, wiped, air dried for 5 min, and then weighed
with accuracy 0.00005 g using Mettler Toledo XS205DU balance. It
was experimentally confirmed that the duration of 5 min is suffi-
cient to remove the extraneous moisture and does not cause signif-
icant desorption from the bulk of the NC specimens. In this way the
data obtained during the experiments on moisture absorption could
be accurately compared for all the NC specimens.

Moisture sorption was performed in atmospheres with relative
humidity ¢ = 24%, 77%, and 98% using desiccators with silica gel
and saturated solution of salts NaCl and K,SO,4, respectively. Kinet-
ics of moisture sorption was experimentally investigated using
sorption method. Four specimens per each filler mass fraction were
tested and the values given correspond to their arithmetic mean
value.

Thus the peculiarities of moisture absorption of epoxy/MMT NC
were determined.

3. Results and discussion

The percent weight gain of the composite w(t) may be defined
as the difference in weights of the time-varying moistened w;
and initial wgy specimens, normalized to initial weight of specimens
according to relation:

W — Wo
— X

w(t) = 100. (1)

Wo

A series of measurements of moisture content of the specimens
were executed at different time intervals. The experimental values
of moisture content for NC with filler weight fraction c = 0% were
plotted in Fig. 1 versus the square root of time.

Moisture sorption by epoxies is usually [22-24] described by
Fick’s equation, which for the case of one-dimensional diffusion,
i.e. if there is a gradient of concentration only along the x axis, is
given by

aoC 9*C
EZDW7 (2)

where ((x, t) is the concentration of diffusing substance in point x at
time moment ¢, D is the diffusion coefficient. The diffusion is consid-
ered in a medium bounded by two parallel planes (planes at x=0
and x = h, where h is the thickness of the specimen under initial
C(x, t = 0) = Co and boundary conditions C(x = 0, x = h, t) = C,, accord-

49w, %

sqrt(t, hour)

20 40 60 80 100 120
24 %

-1
Fig. 1. The percentage of experimental weight gain (dots) versus square root of

time in hours for NC with ¢ =0% in atmospheres with ¢ (numbers on the curves)
and evaluation by Fick’s model (solid lines).

ing to [25]. The total amount of diffusing substance is obtained by
integration the solution of Eq. (2) by the thickness of specimen

) o 1\k\2 2

1 K

where w, is equilibrium moisture content in specimen.

From Fig. 1 it is clear that sorption process could be described
with good agreement for NC ¢ = 0% in all considered atmospheres.
Similar results were obtained for epoxy resin filled with 2%, 4%, and
6% by weight. Moisture diffusivity and equilibrium moisture con-
tent of composite could be determined using accelerated analytical
procedure [26]. The proposed method allows shortening the time
needed for correct prediction of the two unknown parameters of
Eq. (3) as diffusivity and equilibrium moisture content and further
could be compared with experimental results obtained by Eq. (1).

The general idea is that for large values of time its enough to de-
scribe sorption curve with first term of series in Eq. (3) (k=1).
Hence by assuming that initial moisture content in the specimen
wp = 0, moisture content takes form

w(t) = Wy, — 8% exp {— (%)th} . (4)

Accordingly the time derivative of moisture content in Eq. (4)
represents the rate of moisture sorption and is determined by

formula
dw W, -D T 2
G _(E) Dt} (5)

Further expressing 8w, exp —(%)ZDtl = (Wy, —w(t))m? from
Eq. (4) and substituting it in Eq. (5) results in following formula
for evaluation the rate of moisture absorption:

2

=Tl e - wo), ©)

Consequently, for large values of time 4 is linearly dependent
on w(t) and the interception point with w axis corresponds to equi-
librium moisture content w,.. It is shown in Fig. 2 as an example
for NC with filler content 4% and atmosphere 98% RH. Accordingly
the inclination angle of this curve allows determining diffusion
coefficient, which is found by relation

4-()" A9
D=——F"Aw" @
It should be mentioned that the diffusion coefficients of NC

obtained by (7) are independent on relative humidity of atmo-
sphere. The scattering within the atmosphere of equal humidity
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Fig. 2. The rate of moisture absorption versus moisture content in NC with c = 4%
and atmosphere ¢ = 98%.

does not exceed 10% of average value. The diffusion coefficients
were determined using the above mentioned procedure and are
presented in Fig. 3. It was experimentally confirmed that sorption
process in NC passes much more slowly than in pure epoxy resin
(as shown in Fig. 3), for the highest filler content diffusivity reduces
about half of diffusivity as for neat epoxy resin. As it was men-
tioned above this phenomenon takes place owing to the extremely
high aspect ratio of clay platelets, which increased the tortuosity of
the water molecules’ path of while moisture diffuses into the NC.
According to the tortuous path model and since the moisture per-
meability is a function of volume fraction and aspect ratio of the
platelets the exfoliated NC is more preferred to conventional or
intercalated composites in terms of the barrier characteristics [11].

The equilibrium moisture content of NC w¢ involves the equi-
librium moisture content of the NC components: of polymer resin
w? and of filler w/_, accordingly:

we=w?. (1-c)+w_-c (8)

The use of mass was chosen as a reference in the rule of mixture
instead of volume since all the NC specimens revealed swelling of
about 3% by volume at the end of the saturation. It is considered
that hydrophilic epoxy resin has the main contribution to the
moisture uptake and equilibrium moisture content of the filler
w._ is close to zero since naturally hydrophilic MMT clay has been
organically treated.

The increase of equilibrium moisture content with the increase
of clay weight content in NC (shown in Fig. 4) could be caused by
growth of interphase weight content. The estimation of interphase
moisture sorption characteristics can be created using modified
rule of mixture for equilibrium moisture content

61 D, 10° cm’h

2 T T 1
0 2 4 6

Fig. 3. Diffusion coefficient of NC evaluated by Eq. (5) versus filler weight fraction
in atmosphere with ¢ = 98%.

3757 w
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0
2.75 , , %

0 2 4 6
Fig. 4. Equilibrium moisture content versus filler mass fraction in atmosphere with

98% RH (dots - result of extrapolation of experimental data, line - evaluation by

(8)).

WX =w? - (1 —c—b)+w, b, 9)

where wi_ is equilibrium moisture contents of interphase, b is inter-
phase fraction by weight. Such addition of interphase around the fil-
ler particles allows preventing the deviation of evaluation by
mixture rule (8) from results of extrapolation using experimental
data. Nevertheless the mixture rule (9) contains two unknown
parameters (w_ and b), that cannot be determined independently.
That’s why the proper analysis is based on the attributing capacity
of moisture absorption of the interphase to the deviation between
evaluation by (8) and experimental results.

Moreover it should be expected that for atmosphere with high-
er relative humidity (higher content of absorbed moisture) the dif-
ference between the amount of absorbed moisture content
measured by experiments and predicted by (8) should increase.
This observation was further supported by experiments as shown
in Fig. 5. The higher content of filler leads to greater moisture
absorption and greater deviation from estimation by mixture rule
without consideration of sorption characteristics of interphase
layer. The general idea is that this deviation that represents mois-
ture content in interphase is linear proportional on filler content
(as shown in Fig. 5). It means that coefficients of proportionality
correspond to sorption capacity of interphase in NC with 1% of
filler.

At equilibrium the relationship between moisture content in
material and equilibrium relative humidity of surrounding atmo-
sphere can be displayed by sorption isotherm. It is estimated that
the total moisture content is distributed homogeneously by the

069 A, %
0.4 1
Y
0.2
c,%
0 2 4 6

Fig. 5. Deviation between experimental data of equilibrium moisture content of NC
and estimation of it by mixture rule (8) for atmosphere with ¢ =77 (a) and 98 (¢) %
RH.
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Fig. 6. Schematic representation of equilibrium moisture content distribution within composite system of one particle (a) and sorption isotherm of epoxy resin and

interphase in NC with 1% of clay by weight (b).

section of the NC specimens and according to sorption isotherm for
the moisture concentration in NC. For each humidity value, a sorp-
tion isotherm indicates the corresponding moisture content at a gi-
ven, constant temperature. Because of the complexity of sorption
processes in composite materials, the isotherms traditionally devi-
ate from Henry’'s law, exhibit nonlinear behavior and should be
measured experimentally.

The sorption isotherm of interphase layer in NC with 1% of clay
could be estimated from Fig. 6. As it was mentioned before the con-
tent of interphase in NC could not be predicted independently from
the rule of mixture for equilibrium moisture content (9). Neverthe-
less its possible to estimate the effect of the interphase on sorption
properties of NC in whole. These results could be used for further
analysis of the moisture effect on mechanical and thermal proper-
ties of NC. Respectively moisture content which exists both in ma-
trix and in interphase of NC could be predicted instead of (9) for
given composite system

W =w?.(1-¢c)+wW_ -c (10)

where both w? and w'_ are determined from Fig. 6, which repre-
sents the sorption isotherm of epoxy resin and interphase layer.
This sorption isotherm and formula (10) allow approximate estima-
tion of additional moisture content of NC in atmosphere of any rel-
ative humidity and any filler content.

4. Conclusions

In the present paper the moisture absorption by epoxy/MMT NC
was examined. From the above investigation the following conclu-
sions may be derived:

- Sorption process could be described by Fick’s model with good
agreement for all contents of clay and all atmospheres. The dif-
fusion coefficient and equilibrium moisture content of NC has
been evaluated by Fick’s model using accelerated procedure.

- It was experimentally confirmed that sorption process in NC
passes more slowly than in pure epoxy resin, for the highest fil-
ler content diffusivity reduces about half of diffusivity as for
epoxy resin. It could be caused by clay nanoparticles as they
act as efficient barriers against moisture transport.

- The increase in equilibrium moisture content observed with the
increase of clay weight content in NC is explained by growth of
interphase layer content. The sorption capacity of interphase
layer in NC with 1% of filler was determined and the sorption
isotherm of interphase was derived.

- Interphase should be taken into account when properties of
composite are calculated using properties of components. The
higher content of interphase consistently leads to greater mois-
ture absorption.

- Based on the results obtained by relating moisture on properties
of NC it could be concluded that the addition of impenetrable
clay nanoparticles is useful for the reduction of negative effect
of moisture on properties of NC allowing the application of mod-
ified epoxy resin in environments with higher-operating relative
humidity.
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ABSTRACT: In this article the moisture effect on
deformability of epoxy/montmorillonite nanocomposite
was investigated. The change of fracture character and
drop of elastic characteristics due to moisture absorption
was observed. The estimation of filler morphological pecu-
liarities (platelet stack constitution) in composite and its
effect on nanocomposite elastic properties was undertaken.
It is shown that the higher number of filler platelet per

stack consistently leads to the decrease of nanocomposite
elastic properties. Nevertheless prediction by microme-
chanical model is rough for moistened nanocomposite
because of resin structural changes. © 2009 Wiley Periodicals,
Inc. ] Appl Polym Sci 116: 493-498, 2010

Key words: nanoclay-composite; deformability; moisture
effect; modeling

INTRODUCTION

The peculiarities of moisture absorption by epoxy/
montmorillonite (MMT) nanocomposite (NC) were
discussed in.! The enhanced barrier properties
referred in the literature®® were revealed. The sorp-
tion process in NC passed more slowly, for the high-
est filler content diffusivity was reduced about twice.
This could be described by large aspect ratio and sur-
face of the exfoliated silicate layers as they act as effi-
cient barriers against moisture transport through the
material and cause an increase in the path length for
molecules diffusing through the polymer.’

Epoxy resins are quite attractive for structural
applications because of their relatively high strength
and stiffness, low creep, and shrinkage. However
they have a major drawback of high moisture
absorption, which in turn degrades the functional,
structural and mechanical properties of the compo-
sites.'®™'® Since absorption of water reduces the elas-
tic characteristics of hydrophilic polymers, the addi-
tion of nanoparticles to minimize the negative effects
of water uptake is particularly useful.>'*!>

The emphasis of this article is made mainly to es-
tablish effect of moisture on deformability of epoxy/
MMT NC taking into account filler morphological
peculiarities and to verify if the negative effect of
moisture on deformability of NC is minimized by
introducing MMT clay nanoparticles.

Correspondence to: T. Glaskova (Tatjana.Glaskova@pmi.
Iv).

Journal of Applied Polymer Science, Vol. 116, 493-498 (2010)
© 2009 Wiley Periodicals, Inc.

EXPERIMENTAL

The investigated material was provided by research
institute SYNPO, Pardubice, Czech Republic. It was
received in the shape of thin and wide plates with
dimensions 2.0 x 130.0 x 130.0 (£ 0.2) mm and then
cut into bars with dimensions 2.0 x 8.0 x 130.0 (=
0.1) mm.

The NC consisted of bisphenol-A epoxy resin and
octadecylamine modified MMT-based organoclay.
Four filler weight fractions ¢ = 0, 2, 4, and 6% were
used to study the effect of moisture and filler weight
fraction on the mechanical behavior of NC.

The homogeneity of the filler particles” dispersion
could be approved by the transparency of all NC
specimens. Additional microscopy methods, scan-
ning electron (SEM) and transmission electron mi-
croscopy (TEM), were applied for the analysis.

Moisture sorption was performed in atmospheres
with relative humidity ¢ = 24, 77, and 98% using
desiccators with silica gel and saturated solution of
salts NaCl and K,SO, respectively." According to
the results obtained in Ref. 1, the average equilib-
rium moisture content reached in 437 days for NC
was approximately —0.4, 1.7, and 3.2% for ¢ = 24,
77, and 98% with increase by approximately 7% for
filler content changing from 0 to 6 wt %. It was
experimentally confirmed that sorption process in
NC passed more slowly than in pure epoxy resin,
for the highest filler content diffusivity reduced
about half of diffusivity as for epoxy resin. It could
be caused by clay nanoparticles as they act as effi-
cient barriers against moisture transport. The
increase in equilibrium moisture content observed
with the increase of clay weight content in NC was
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Figure 1 Typical TEM image of acetone suspension of
clay nanoparticle. The nanoclay appears in black.

explained by growth of interphase layer content. The
sorption capacity of interphase layer in NC with 1%
of filler was determined and the sorption isotherm
of interphase was derived.

Quasi static tensile tests were performed on the
specimens with different clay content in dry and wet
state using Zwick 2.5 testing machine with a crosshead
speed of 5 mm/min at room temperature. Tensile
strength is defined as the maximal achieved value of
stress in the specimen, and elastic modulus is calcu-
lated from the slope of a secant line between 0.05% and
0.25% strain on a stress—strain plot. Four specimens
per each filler mass fraction were tested and the values
given correspond to their arithmetic mean value.

RESULTS AND DISCUSSION
Microstructural characterization

The behavior and properties of NC are dependent
not only on properties of its structural components
but also on the material microstructure: the disper-
sion and orientation of filler particles, and the interac-
tions between filler particles and polymer matrix.'®

Nevertheless one of the main parameters that
affect the behavior of the nanosystem is the effec-
tiveness of dispersion of filler particles within the
polymer matrix."”

One way to check the morphological peculiarities
of clay nanoparticles in a solvent, before incorporat-
ing them to a matrix, is to observe their dispersion
by TEM. A typical image of acetone suspension of
clay nanoparticles is shown in Figure 1.

It is obvious from Figure 1 that the observed ag-
gregate should be a stack of clay platelets having
layered structure and high aspect (diameter to thick-
ness) ratio (50). The aspect ratio of the platelet stack
as observed from Figure 1 is about 7.

Moreover the platelet shape of the filler particles
could be confirmed by SEM micrograph of fracture

Journal of Applied Polymer Science DOI 10.1002/app

Figure 2 SEM micrograph of fracture surface of NC with
¢ = 2%.

surface of NC specimen with ¢ = 2% (Fig. 2). It
could be seen that the transversal dimension of the
filler aggregates is much smaller than longitudinal
ones.

Mechanical properties

Experimentally measured stress—strain curves of NC
with ¢ = 6% moistened at ¢ = 24, 77, and 98% RH
are shown in Figure 3. From these curves it could be
observed that the effect of moisture on mechanical
behavior is substantial. Absorbed muoisture essen-
tially plasticizes the NC and changes its fracture
character from brittle in dry atmosphere to plastic
one in wet atmospheres.

To examine the effect of organoclay content on
mechanical properties, elastic modulus and tensile
strength were plotted versus filler mass fraction
(Figs. 4 and 5). From these figures it is clear that
elastic modulus increases up to 20% and tensile
strength of the NC decreases about the same value
with the increase of organoclay content to 6%.

604 o, MPa

24%

0 2 4 6 8 1C

Figure 3 Typical stress-strain curves at a fixed rate of
deformation (v = 5 mm/min) for neat epoxy resin (gray
curves) and NC with ¢ = 6% (black curves) and ¢ = 24,
77, and 98% RH.
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Figure 4 Elastic modulus of NC in atmospheres with dif-
ferent relative humidity versus filler weight fraction.

Figures 2 and 3 also show the quantitative effect
of moisture on tensile strength and elastic modulus
of NC. Tensile strength of moistened composite
drops twice. Elastic modulus both of moistened pure
epoxy resin and NC is reduced approximately 1/3
in comparison to initial state. Consequently, due to
absorbed moisture both pure resin and NC with ¢ =
6% show almost same degradation as for elastic
modulus 1 GPa and for tensile strength 25 MPa,
respectively. It should be noted that although the
values themselves of elastic modulus and strength
are improved with respect to filler content, the posi-
tive effect as moisture content increases (in atmos-
phere from 24% RH till 98% RH) was not revealed.

Efforts were being made to relate effective tensile
elastic modulus of moistened NC with properties of
its structural components. It should be emphasized
that taking into account complicated structure of
real composite material, only evaluative results
could be obtained theoretically.'®

The majority of micromechanical models are lim-
ited to characterization of linear elastic behavior of
composites during static loading."”*  Another
assumption is that the components are also linear

8019 o, MPa
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Figure 5 Tensile strength of NC in atmospheres with dif-
ferent relative humidity versus filler weight fraction.
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elastic, and the composite is represented as nonho-
mogeneous linear-elastic medium.

In the structural hierarchy of polymer-clay NC at
least two states can be assigned: (1) state of total
exfoliation of clay platelets with characteristic pa-
rameters as thickness and dimensions in the plane
of platelets, and (2) state of incomplete exfoliation of
clay platelets and characteristic parameters as thick-
ness and dimensions in the plane of intercalated lay-
ered stacks.”® The aspect ratio and orientation of ani-
sometric particles determine their reinforcement
degree. Nevertheless, it is difficult to control the ori-
entation of plane particles during processing of com-
posite and the real distribution of their orientation
could be rather complex, the determination of the
effective elastic constants of transversely isotropic
layers of a NC with coplanar orientation of such par-
ticles is of great importance. The data obtained in
this case could serve as initial for a further analysis
of the elastic properties of a composite with disori-
ented nanoparticles taking into account their orienta-
tional distribution in the material.*’

Halpin-Tsai equations®*® obtained for isotropic
polymer matrix filled with coplanar transversally iso-
tropic cylindrical particles of arbitrary aspect ratio
(Fig. 6) were used for the case of exfoliated NC. The
elastic solution was obtained for the composite cons-
ited of a single fiber encased in a cylinder of matrix,
both embedded in an unbounded homogeneous me-
dium, which is macroscopically indistinguishable
from the composite. The relations between the stress
and strain components were averaged throughout the
composite. The obtained formulas were curve fitted to
exact elasticity solutions and confirmed by experimen-
tal measurements in order to get the solution for com-
posite filled with particles of arbitrary aspect ratio.

If the exfoliation of filler platelets is incomplete
the composite system is considered to consist of ma-
trix and pseudoparticles (stacks of individual plate-
lets). Figure 7 shows sheme of filler particles that are
forming a stack (a pseudoparticle). N is the number

4 0

i

i

</

2

Figure 6 Schematic representation of cylindrical filler
particles embedded in polymer matrix.
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Figure 7 Representation of pseudoparticle (platelet stack).

of platelets per stack, L — length (width), t — thick-
ness of the platelet, s — interplatelet spacing.

The Halpin-Tsai equations that were used” to
characterize the case of incomplete exfoliation of fil-
ler platelets within the composite are as follows

1420t ¢’
Ey = E, - 2M& M
1-my¢
where
N :R’1—1 R :@ E :EflEm(Nt + (N = 1)s)

dw=¢(1+(1—%)3.

Here Ei, E,, E,1, Epn are elastic moduli of given
composite, matrix, filler platelet stack and single fil-
ler platelet, accordingly, for axis direction shown in
Fig. 6; ¢ and ¢’ are the volume fraction of filler par-
ticles and filler platelets. The case of complete exfoli-
ation of filler platelets within composite could be
easily obtained for N =1, s = 0.

Taking into account the anisotropy of considered filler
particles and as consequence of the composite material
two additional Halpin-Tsai equations could be applied

1+ 2A}n’2¢'

"m——, 2
1-m¢ @

Ey=E; =

where

Rlz -1 ’ Epz . Eszt + Em(N — 1)5

! — _r= —
TRy 124 2T E,Y Nt + (N—1)s

4 1
“NQ+@—@J

In these equations E,, Ep, are elastic moduli of fil-
ler platelet stack and single filler platelet for the axis
direction shown in Figure 6. A;and A/ are the aspect
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ratios of single filler platelet and platelet stack (>1
since it equals to the diameter divided by thickness
for cylindrical platelets). Again the case of complete
exfoliation of filler platelets within composite could
be easily obtained assuming that N =1, s = 0.

Using known values of elastic modulus of matrix
in atmospheres with different relative humidity it is
possible to determine elastic moduli of NC by equa-
tions (1) and (2). The elastic moduli of montmoril-
lonite clay platelets are ranging from 40 GPa* to 180
GPa**?%2 based on the literature values for layered-
structure clay minerals, an empirical modulus-den-
sity relation for alumina, silica and their compounds
and values obtained by simulation for the product
of elastic modulus and thickness of the platelets. In
this study elastic moduli of filler are assumed to be
En = 55 GPa, Ep, = E = 178GPa, aspect ratio of fil-
ler platelet Ay = 50, number of platelets per stack N
is changed from 1 to 6, s/t = 1.

Comparing results of evaluation by eq. (1) with ex-
perimental data of quasistatic tensile tests of speci-
mens conditioned in dry atmosphere (¢ = 24% RH)
provided in Figure 8 it is obvious that evaluation
results for elastic modulus of NC with exfoliated filler
particles are higher than experimental ones. Increasing
the number of platelets per stack gives the opportunity
to get better agreement between them. Although it is
rather arguable, as it is assumed in the model that filler
particles obey coplanar orientation in polymer matrix.
On the other hand evaluation by eq. (2) (low bound) is
much lower than experimental results even for the
case of exfoliated platelets. It means that real orienta-
tion distribution of clay platelets is somewhere in
between these limits and could be rather complicated.

Nevertheless using obtained results (the same
parameters N, t, s) for moistened NC it is possible
to estimate structural changes of the polymer resin
because of moisture absorption.

6 1E,GPa
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.-"/ i _'_‘_4—"-'—-‘2_"_‘_‘-,
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Figure 8 Elastic modulus of NC versus filler volume con-
tent. Evaluation by (1) (solid line) and (3) (dashed line) for dif-
ferent number of elementary layers N (numbers on the curves)
in a platelet stack. Dots — experimental data for ¢ = 24% RH.
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The resulting evaluation of elastic modulus of
moistened NC by eq. (1) shows the deviation from
results obtained experimentally (Fig. 9). As it can be
seen taking into account platelet stack layered struc-
ture (increasing the number of platelets in stack till
6) improves the congruence of results with experi-
mental data. Apparently it could be described by the
change of elastic properties of the platelet stacks. It
should be emphasized that while elastic modulus of
impermeable clay platelets is not dependent on
moisture content, the matrix phase that is located in
the interplatelet spacing absorbs moisture. Therefore,
the elastic properties of the platelet stacks are de-
pendent on absorbed moisture content and cause
more significant decrease of moistened NC elastic
modulus as presented in Figure 9.

The change of elastic modulus under effect of
moisture e.g. NC with ¢ = 6% proves that moisture
which exists in the interplatelet spacing significantly
influences the elastic modulus. Logically enough, the
higher content of filler leads to higher content of
interplatelet spacing and as a result to greater mois-
ture absorption and greater change of NC properties
that are sensitive to moisture.

The isotherm shown in Figure 10 concludes the
proposed analysis of moisture and filler effect on
deformability of epoxy/MMT NC taking into
account filler morphological peculiarities. Using this
figure it is possible to estimate NC elastic modulus
of any filler content in atmosphere with any relative
humidity. It is obvious that because of moisture
absorption elastic modulus of NC is substantially
decreased. Since the value of elastic modulus of
epoxy resin is improved with respect to filler content
in spite of no positive effect for the decrease of elas-
tic modulus of NC, due to moisture absorption (in
atmosphere from 24% RH till 98% RH) epoxy resin

604E.E.GPa

45

30

154 Y T T = %.
0 1 2 3 q

Figure 9 Elastic modulus of epoxy resin and NC with ¢
= 6% versus absorbed moisture content. Experimental
data (NC with ¢ = 6% (—B-), epoxy resin (-[J-)), evalua-
tion by (3) for NC with ¢ = 6% and N = 1 (-@®-) and N=
6(-O-).
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Figure 10 Elastic modulus of epoxy resin (M) and nor-
malized to 1 wt % of filler deviation of NC elastic modu-
lus (&) versus relative humidity of the atmosphere.

modified by impenetrable stiff MMT clay nanopar-
ticles could be applied in environments with higher-
operating relative humidity.

CONCLUSIONS

In this article the effect of moisture absorption on
the mechanical properties of NC was examined.
Quasistatic tensile tests were carried out for evalua-
tion of the mechanical properties. Finally, an attempt
was made to estimate the effect of moisture on elas-
tic modulus of platelet stack and moistened NC.
From the above investigation the following conclu-
sions may be derived:

» Shown effect of moisture on mechanical proper-
ties is substantial. Absorbed moisture essentially
plasticizes the composite changing the fracture
character. Tensile strength of moistened com-
posite drops twice. Elastic modulus both of
moistened pure epoxy resin and NC is reduced
approximately 1/3 in comparison to initial state.

» Halpin-Tsai equations were applied to estimate
effective elastic modulus of NC conditioned in
atmospheres of different relative humidity. The
results obtained for specimens conditioned in
dry atmosphere were used for moistened NC
and provided opportunity to estimate structural
changes of the polymer resin because of mois-
ture absorption.

* Based on obtained results it could be concluded
that incorporation of impenetrable clay nanopar-
ticles with high mechanical characteristics did
not reduce the negative effect of absorbed mois-
ture on mechanical properties of NC. But since
the value of elastic modulus of epoxy resin is
improved with respect to filler content up to
20% epoxy resin modified by impenetrable stiff

Journal of Applied Polymer Science DOI 10.1002/app
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MMT clay nanoparticles could be applied in
environments with higher-operating relative
humidity.
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STRUCTURAL CHANGES IN A CLAY-CONTAINING
NANOCOMPOSITE WITH A DIFFERENT MOISTURE
CONTENT CAUSED BY ITS DEFORMATION

A. Faitel’son, T. 1. Glaskova, UDC 539.431:678.067
P. Korkhov, and A. N. Aniskevich

E.
V.
This paper presents the results of an investigation of the properties of a clay-containing nanocomposite with
an epoxy binder under moisture-temperature and mechanical action. It has been established that whatever the
moisture content, the nanocomposite crystallizes under the thermomechanical action (upon reaching the glass-
transition temperature). When the nanocomposite is heated to 70°C, the restructuring process is reversible,
and its heating to above 150°C leads to its amorphization. The presence of clay nanoparticles (up to 6 mass
percent) does not influence the temperature of structural transitions of the nanocomposite and does not cause
a substantial strengthening effect. The sorbed moisture plasticizes the nanocomposite and decreases its glass-
transition temperature by 10°C. The specific features of the thermomechanical behavior of nanocomposites
upon their tensile prestrain or creep are due to the formation of an oriented structure. Their crystallization
begins at lower temperatures and with a higher degree of crystallinity than that of unloaded nanostructures.

Keywords: adsorption-active medium, microheterogeneity, X-ray structural analysis, morphological changes, in-
duced elasticity.

Introduction. In modern thermal physics of polymer materials, along with the development of phenomeno-
logical notions, the thermophysical properties and the processes proceeding in them connected with structural changes
are being studied extensively. Such an approach appears to be particularly important, since it is necessary to take into
account the microheterogeneity of polymer bodies due to the presence in them of regions with different types of elas-
ticity, as well as the morphological changes caused by strains with energy transformations. In this connection, the
question of the interrelationship between the mechanical characteristics of composite materials (CM) and the structural
changes accompanying the deformation process in adsorption-active media and of establishing general laws for them is
of great importance. The mechanical phenomena taking place in the process of sorption and swelling in polymer CMs,
while being of certain theoretical and practical interest, have been studied very little, especially in nanocomposites
(NC) that are of interest in developing high-efficiency materials. For example, for clay-containing NCs exhibiting im-
proved mechanical, thermal, and barrier properties compared to unfilled polymers, the majority of papers [1-5] pre-
sented results without conclusions about the processes proceeding in them.

Resistance to various kinds of action is a characteristic of the material in the unloaded state whereas the frac-
ture strength under load under service conditions characterizes the material in the stressed state. In this case, the struc-
ture inhomogeneity of NCs is one of the necessary conditions providing their plastic deformation ability at tempera-
tures below the glass transition temperature T, [6, 7]. But even in the absence of stresses applied from the outside,
internal stresses may arise in the material as a result of the swelling inhomogeneity. The swelling accompanying the
sorption is inhomogeneous due to the presence in the material of parts not affected by this process, and it is only
when the whole of the material is saturated with moisture that it becomes heterogeneous again. The concentration of
internal stresses upon swelling and the degree of swelling of the NC depend strongly on the strength of the binder-
filler interaction, as well as on the plasticizing action of the substance sorbed by the NC [6, 8, 9].

The aim of the present work is to establish the relation between the thermophysical and mechanical charac-
teristics of the clay-containing nanocomposite that has sorbed the moisture and the structural changes attending the de-
formation process under different kinds of load and at different temperatures.

Institute of Polymer Mechanics, Latvian University, 23 Aizkraukles Str., Riga, LV-1006, Latvia. Translated
from Inzhenerno-Fizicheskii Zhurnal, Vol. 83, No. 3, pp. 421-429, May—June, 2010. Original article submitted October
5, 2009; revision submitted November 10, 2009.
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Objects and Methods of Investigation. We have investigated a nanocomposite whose composition included
epoxy resin, a hardener — polyoxypropylene with end amine groups (Jeffamine® D-400), and a filler — clay nanopar-
ticles (content ¢ = 2, 4, 6 mass %).

Epoxy resin based on epichlorohydrin and diphenylolpropane (bisphenol A) contains end epoxy groups:

CH,

|
(lin—O— —@—(I:—@—O—CHz—ﬂ:H—CHi—o— = (|3H3
HC CH OH CH
I Yo 3 ol
H,C” NCH,

Polyoxypropylene

H,N —(CH— CH;~ 0 —)— CH,—CH—NH,
I I
CH, CH,

has a high degree of crystallinity (~95%), an amorphous phase 7, equal to ~75°C, and a glass transition temperature
of the crystalline phase ~60-65°C. It has a fairly close molecular packing since the bond between carbon and oxygen
atoms is shorter than between carbon atoms, is easy to orient in tension, and, when heated, is destroyed with the for-
mation of low-molecular-weight products [10].

The clay is montmorillonite having the composition

[(Mg 33Al; 67)Si,0,9(OH),INa) 33,

which crystallizes in a monoclinic system in the form of scales of thickness ~1 nm and diameter ~100 nm. The pres-
ence of hydroxyl groups on its surface determines the strengthening properties. Octadecylamine served as the surface
modifier.

Specimens of the unfilled binder and the NC were held in atmospheres with humidity ¢ = 24, 77, and 98%
until they reached the equilibrium state. The equilibrium moisture content in the specimens at 20°C was attained after
270 days and equaled w = 0.2, 1.7, and 3.0%, respectively.

Thermomechanical investigations were carried out with the use of an UIP-70M device with specimens heated
to 150°C at a rate of 20°C/min with subsequent cooling.

The mass loss kinetics at physical and chemical transformations in the NC was investigated by the thermo-
gravimetric (TG) method. Measurements were made on a "Mettler" TA3000 instrument in the temperature range 20—
280°C; the heating rate was 10°C/min.

The structure was investigated by the X-ray diffraction method on a DRON-3M device with photography "in
transmitted light" on CuK,, radiation. Scanning of angular intervals was carried out with a 0.1°C step and with a pulse
collection time in each step of 90 sec.

Quasi-static tension tests were carried out with the aid of a Zwick 2.5 machine at 20°C with a deformation
rate of 5 mm/min.

Creep studies were made at tensile stresses 6 = 0.50,,,,
was 7.5 h for forward and 17 h for backward creep.

Results and Discussion. The features of the phase and relaxation transitions in heating the NC specimens
have been studied by the method of thermomechanical analysis (TMA) in the absence of external load. The typical
TMA curves of the NC specimens held in an atmosphere with a relative humidity of 24 and 98% until they reached
the equilibrium state are presented in Fig. 1.

The general rule for all NC modifications, including those held in an atmosphere with a humidity of 77%, is
the presence on the thermal expansion curves of a narrow (5-10°C) temperature range of a sharp change in the char-
acter of deformability when in the course of heating the expansion at 7 is replaced by a shrinkage, and then at T, a
new growth of deformation begins just as quickly. Such dependences are characteristic of amorphized polymers [11]
in which, after passing through Tg, crystallization occurs very quickly to cause hardening of the material. Then, also

x on wet specimens; the duration of the experiment
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Fig. 1. TMA curves of NC specimens with ¢ = 4%, @ = 24% (a) and 98%
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Fig. 2. TMA curves of the binder at ¢ = 24%: 1-3) heating—cooling cycles.
Fig. 3. Diffractograms of NC specimens with ¢ = 0% (1) and 6% (2).

spontaneously, melting of the crystallites formed in them begins, which just causes a rise on the TMA curve. The fact
that the process of shrinkage of the binder in the NC is caused by crystallization is confirmed by experiments with
multiple heating of specimens to 70°C and their cooling to 20°C. Figure 2 gives the thermomechanical curves for
three heating-cooling cycles and shows that the crystallization process was accompanied each time by shrinkage and
the melting process — by spontaneous extension. Consequently, in the 20-70°C temperature range the restructuring
process in the binder appears to be reversible; crystallization began at 7| = 41-45°C, and melting at T, = 46-50°C.

X-ray structural analysis also confirms that upon preliminary annealing of specimens at 80°C and subsequent
drying in a medium of humidity 24% in the binder the crystalline phase is preserved (Fig. 3, diffractograms 1).

The introduction into the NC composition of clay nanoparticles (diffractogram 2) leads to a change in the pa-
rameters of the crystalline reflex of the binder, for example, an increase in the interplanar spacing d and, accordingly,
a change in the internal stress in the NC.

It was somewhat difficult to determine Tg from the TMA curves since the attaining by it of the glass transi-
tion temperature served as a prerequisite to the binder crystallization in the NC. We assumed that both processes (de-
vitrification and onset of crystallization) proceeded practically simultaneously. Therefore, the deformation maximum
temperature 77 on the TMA curves (Fig. 1) was assumed to correspond to the crystallization temperature, and the Tg
value was assumed to be slightly different from it. Comparison of the values of T} (Tg) (Fig. 4) of the investigated
modifications has made it possible to establish that as a result of moisture sorption, the glass transition temperature of
the specimens in a medium with a humidity of 98% decreases by about 10°C compared to the dried specimens. This
fact proves that the moisture in the NC acts as a plasticizer.
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Fig. 4. Glass transition temperature as a function of the atmospheric humidity
for NCs with different filling: 1) 0%; 2) 2; 3) 4; 4) 6.

TABLE 1. Values of the Thermal Expansion Coefficients of NCs with Different ¢ and ¢

0. % . % 0,-1073, oC! 0,-1075, oC! 031073, oC! 0y-1073, oC!
’ ’ T € (20-35) °C T € (35-50) °C T € (50-70) °C T € (100-150) °C
0 11.9 -123.0 21.4 21.6
o 2 7.6 —200.0 25.6 20.1
4 8.0 -130.0 19.4 19.0
6 5.3 —65.0 23.9 18.3
0 6.5 —-68.8 20.0 152
77 2 7.9 -50.0 20.1 13.3
4 73 -38.0 21.7 12.6
6 10.7 -16.0 18.4 13.0
0 11.8 -128.0 23.9 6.7
08 2 9.7 -159.0 213 9.7
4 8.0 -79.0 20.6 7.2
6 5.2 -91.0 27.1 3.6

An increase in the filler content from 2 to 6 mass % practically does not affect the temperature values of the
structural transitions in the NC within the atmosphere with equal humidity (Fig. 4). Apparently, shielding the clay sur-
face by an ODA modifier decreases access to the surface hydroxyl groups. Therefore, the conditions for the formation
of hydrogen bonds with an epoxy binder worsen. The weak strengthening effect from the filling is possibly associated
with both the low mechanical strength of clay nanoparticles and their possible agglomeration [12, 13].

We have also determined by the TMA curves the temperature ranges of a sharp change in the NC deforma-
tion rate. For the quantitative characteristic, we took the thermal expansion coefficient (TEC). The table gives the TEC
values for four temperature ranges corresponding to the vitreous state of the NC o, as well as to its states of crys-
tallization oy, recrystallization 04, and additional structuring 0. From the analysis of the table it is seen that the NC
specimens, both dried and wet, with a temperature below Tg are characterized by practically equal values of o which,
however, decrease with increasing degree of filling with clay. In the T|-T, temperature range, the process is charac-
terized by negative values of 0, which also change with increasing degree of filling with clay. Characteristically, i
in all NC modifications and degrees of their moistening is practically the same. Upon reaching a temperature of 80°C
in moist specimens the physicochemical processes lead to a significant rigidification of the structure and to a decrease
in 0y to values corresponding to the vitreous state. The decrease in the TEC of moist specimens can be due to at least
two processes — loss of moisture and structurization. In so doing, a significant increase in the hysteresis effects is ob-
served (Fig. 1b).
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Fig. 5. Mass loss curves of NC specimens at ¢ = 98% with different filling:
1) 0%; 2) 2; 3) 4; 4) 6.

Fig. 6. Interrelation between the moisture content and the mass loss in heating
NC specimens with different filling. Designations 1-4 are same as in Fig. 5.

From the mass loss curves of the thermogravimetric analysis (Fig. 5) it is seen that in the 80-170°C tempera-
ture range the mass loss process is the fastest, which agrees with the decrease in the TEC. The maximum mass loss
is observed in specimens held in an atmosphere with a humidity of 98%. For instance, at a clay content of 6% the
NC mass loss at 150°C is 1.5%, and in the binder it is 2% under the same conditions; however, no strict dependence
on the degree of filling is observed. A further increase in the temperature leads to a decrease in the mass loss rate.
Proceeding from the practically linear interrelation between the moisture content and the mass loss (Fig. 6), it may be
stated that upon heating the NC up to 280°C the moisture desorption process prevails.

Thus, the thermal history of the first cycle of heating to 150°C and cooling to 20°C led to irreversible struc-
tural changes in the NC in the course of the TMA. Repeated studies enabled us to make certain of irreversible thermal
processes in the NC. The TMA curves of the second cycle upon heating consists now of two portions connected at
the point corresponding to Tg (curves 2 in Fig. 1). Hysteresis effects are practically absent, i.e., the TMA curves re-
flect a state of the composite close to equilibrium. Thus, combining the conditions of heating and cooling NC speci-
mens, we can realize in them various structural transitions leading to complete amorphization. Accordingly, the
crystalline phase too can not only be present in them in different quantities but be also represented by formations dif-
fering in the degree of perfection and sizes [7, 11].

The experiments described above were performed on unloaded NC specimens. To establish the relationship
between the thermal characteristics and the structural changes attending the NC deformation process, we investigated
their mechanical behavior under quasi-static tension. Figure 7 shows the deformation curves of an NC (¢ = 6%) whose
specimens were held in atmospheres with a humidity of 24, 77, and 98% until they attained the equilibrium state. The
deformation curves of the binder and an NC with a clay content of 2 and 4% have a similar character.

It has been established that as the degree of filling increases, there is an increase in the elastic modulus of
the NC by about 30%, whereas with increasing moisture content its decrease is noted (Fig. 8). In turn, as is seen from
Fig. 7, dried specimens fail in the air brittely, and their maximum strength is twice that of specimens held at a hu-
midity of 98%. Intermediate strength values are observed in specimens held at a humidity of 77%. Characteristically,
whatever the moisture content, maximum strength values are attained at a 2.5-3% deformation of the NC. These val-
ues should obviously be considered as corresponding to the limit of induced elasticity of the NC in a given atmos-
phere. Exceeding this limit in the process of extension of moist specimens leads to the initiation of transverse growth
of microcracks. This conclusion is based on the fact that on the working part of the specimens whitening of the ma-
terial and a loss of their transparency were observed. Such changes appear when the refractive indices of the mi-
crocrack material and of the block material of the NC differ [7, 15]. In [7, 11, 14, 15]; it has been shown that the
microcracking effect manifests itself only when glassy- or crystal-state materials are loaded. Microcracks differ funda-
mentally from breaking macrocracks in that that they contain a material able to transfer stresses. In [7, 15], it has been
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Fig. 7. Deformation curves of NC specimens at ¢ = 6% and various values of
¢: 1) 24%; 2) 77; 3) 98.

Fig. 8. Elastic modulus of the NC depending on the nanofiller concentration
for various ¢ values. Designations 1-3 are same as in Fig. 7.
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Fig. 9. Diffractograms of a tension predeformed NC specimen cut from the
"neck" region: 1) meridian; 2) equator.

shown that the edges of microcracks are connected by thin fibrillas (~10 nm) whose length increases in tension and,
therefore, the interface area increases. Consequently, in moist NC specimens at deformations exceeding the induced
elasticity limit, specific zones of plastic deformation and microcracking are formed. With increasing deformation the
curve goes to a plateau and a "neck" is formed. In so doing, the breaking deformation reaches ~60%, whereas in dry
specimens it reaches no more than 3-4%. Apparently, the "neck" is formed when certain critical conditions are at-
tained. The influence of such factors as plastification and orientation of the polymer in the NC should be considered
simultaneously. Their role reduces to changing the position of the working test temperature with respect to the tem-
peratures of transitions, which leads to changes in the strength — its increase due to the orientation and decrease due
to the plasticization. Meanwhile, in [11] it was noted that the "necking" is not connected with plastic deformations,
and the role of moistening is to facilitate significantly the development of induced-elastic deformation of the material.
Then the tension-induced "necking" should be considered as a relaxation process of the localized nonoriented-oriented
transition of the polymer inside the microcracks.

The data of X-ray structural analysis correlate well with the assumptions about structural changes in the NC
at its deformations to high values. Figure 9 presents meridional and equatorial diffractograms of NC specimens
prestretched to failure. It is seen that in the region of small angles on the equatorial diffractogram a peak caused by
the crystalline phases is present, while it is absent from the meridional diffractogram. This effect can be explained by
the fact that at large stretches the material acquires an almost completely fibrillized oriented structure, which leads to
the disappearance of interfaces characteristic of microcrack walls. Apparently, joining of microcrack walls occurs and,
therefore, no diffuse scattering is observed on the diffractogram meridian.
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Fig. 10. TMA curves of NC specimens cut across (1) and along (2) the stret-
ching directions under quasi-static tension (a) and specimens cut along the
stretching direction under quasi-static tension (1) and creep (2) (b).

It is interesting to compare the deformation and "necking" mechanisms depending on the NC loading condi-
tions and the plasticizing effect of moisture. Moist specimens (¢ = 98%) were predeformed in the air in the regime of
quasi-static tension (¢ = const) and creep (6 = const) until the whole of the working part material went into the
"neck." Then we cut from them specimens along and across the direction of stretching. From the analysis of the TMA
curves (Fig. 10a) it is seen that the thermal expansion of the NC specimens cut in mutually perpendicular directions
differs markedly and there are anisotropic changes in the thermomechanical characteristic. Analogous laws have also
been obtained for specimens upon creep tests. For heated NC specimens cut along the stretching direction, in both
quasi-static tension and creep experiments, their clear similarity to the TMA curves is observed (Fig. 10b). For in-
stance, in the glass transition temperature range their linear sizes sharply decrease. However, specimens oriented in the
creep regime (curve 2) shrink to a greater extent and the process proceeds in a narrower temperature range than for
specimens oriented under quasi-static tension (curve 1). Next, when temperatures of 37°C (under creep) and 64°C
(under quasi-static tension) are attained, the process of their spontaneous stretching begins as sharply as shrinkage.
From a comparison with the TMA curves of unloaded NC specimens (Fig. 1b), it is seen that crystallization of ori-
ented specimens begins at lower temperatures, and the shrinkage value (assumed to be proportional to the degree of
crystallinity) is much larger than that for loaded specimens. This is explained by the fact that at orientation a consid-
erable ordering of the NC structure occurs, which is a kind of a crystalline "blank," and therefore its transition to the
crystalline structure is considerably facilitated. As a consequence of the crystallization of fibrillar aggregates the NC
specimens do not completely regain their sizes either. At the same time, the TMA curves of the specimens cut across
the orientation, as the results of quasi-static tension and creep experiments show, practically coincide in terms of the
character of the change in the deformability and in its value. The TMA curves of the second heating cycle of speci-
mens reflect, as for unloaded specimens, only one transition connected with the NC devitrification. Thus, from the
above data it follows that the specific features of the thermomechanical behavior of the nonequilibrium structure of the
NC upon stretching is largely determined by the quantity of the initial binder, which has gone to the oriented state,
from which fibrillar aggregates of microcracks have been constructed. Their strength determines the macroscopic
strength of the material at "cold" stretching. With heating, the fibrillas acquire a greater mobility; they become able to
coalesce, and the coagulation process occurs. This leads to a disorientation of fibrils with respect to one another,
which shows up macroscopically as a shrinkage of the NC. The process proceeds in the region of the glassy state and,
consequently, it is supermolecular in nature, i.e., it is not accompanied by a disorientation of molecules inside a fibril.
Above Tg complete disorientation of the NC structure occurs and, as a consequence, "healing" of microcracks occur
[7, 9]. It is possible that additional stitching of the NC also leads to a suppression of microcracks already in the first
cycle upon heating to higher temperatures.

Conclusions. Investigation of clay-containing NC points to a complex influence of adsorption effects on its
properties, which hampers obtaining a material exhibiting a wide variety of thermomechanical properties. The general
rule for all NC modifications is crystallization that takes place in the course of the TMA. Restructuring begins in the
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region of reaching T In repetitive heatmg to 70°C, crystallization and melting of crystallites in the NC binder are re-
versible. However, upon heating to 150°C the structure becomes completely amorphized and the TMA curves of the
second heating cycle reflect an NC state close to equilibrium.

An increase in the content of clay nanoparticles to 6 mass % practically does not change the temperature val-
ues of the structural transitions in the NC and does not lead to a strengthening effect. Sorbed moisture plays the role
of a plasticizer in the NC. A content of 3% of moisture in it leads to a decrease in T by about 10°C. The practically
linear interrelation between the moisture content in the NC and the mass loss upon 1ts heating to 280°C points to the
prevalence of the moisture desorption processes.

The thermomechanical behavior of the NC depends not only on the moistening and thermal history, but also
on the regime of their preloading. For instance, dried specimens fail brittely under tension. In moist specimens above
the limit of induced elasticity, a plastic deformation (microcrak zone) is formed, "necking" occurs, and deformations
reach ~60%. The data of X-ray structural analysis confirm that in the course of the stretching process almost the
whole of the NC acquires a fibrillized oriented structure. Crystallization of oriented specimens begins in the course of
the TMA at higher temperatures and their degree of crystallinity is much higher than in unloaded specimens. The fea-
tures of the thermomechanical behavior of the NC upon quasi-static pretension or creep are largely determined by the
quantity of the binder, which has gone to the oriented state, from which fibrillar aggregates of microcracks have been
constructed. Changes take place in the region of Tg and, consequently, they have a supermolecular character. In heat-
ing, the fibrils acquire a greater mobility, and the coagulation process proceeds. This leads to a disorientation of fibrils
with respect to one another and a decrease in the interface area, which shows up macroscopically as a shrinkage of
the NC.

NOTATION

¢, mass content of the filler, %; d, interplanar spacing, nm; E, elastic modulus, GPa; J, intensity of X-rays,
pulse/sec; m, mass, g; T, temperature, °C: Tg, glass transition temperature, °C: w, relative moisture content, %; o,
thermal expansion coefficient, OC_l; g, deformation, %; €, deformation rate, mm/sec; 0, stress, MPa; 9, scattering
angle, deg; @, relative humidity of the air, %. Subscripts: 0, initial; 1, 2, 3, 4, subsequent values; max, maximum; g,
glass transition.
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BJIMSTHUE BJIATU HA BA3KOYIIPYTHE CBOMCTBA
INIMHOCOAEPKAIIEI'O HAHOKOMITIO3UTA HA OCHOBE
SINOKCHUJIHOT'O CBA3YIOIETO

K. K. Aniskevich, T. I. Glaskova® A. N. Aniskevich, and Ye. A. Faitelson

EFFECT OF MOISTURE ON THE VISCOELASTIC PROPERTIES
OF AN EPOXY-CLAY NANOCOMPOSITE

Keywords: epoxy binder, montmorillonite, viscoelastic properties,
moisture, moisture-time analogy

The results of a complex study on the viscoelastic behavior of an ep-
oxy-clay nanocomposite after a long-term exposure to moisture are
presented. The main laws of variation in the glass-transition temper-
ature of the nanocomposite in relation to the different content of filler
and absorbed moisture were determined by using a thermomecha-
nical analysis. The loading levels in creep experiments were chosen
according to the results of quasi-static tensile tests. The sets of
creep and creep recovery curves obtained were approximated by the
Boltzmann—Volterra linear integral equation with account of the prin-
ciple of moisture-time analogy. The variation in the spectrum of retar-
dation time of the epoxy resin with introduction of the nanofiller was
estimated. It is shown that the moisture-time reduction function cor-
relates with changes in the forced rubber-like elasticity and the vol-
ume of nanocomposite specimens upon their moistening.

KnioueBble cnoBa: cBdAsywouiee 3MnoKCnaHoe, MOHTMOPWUIITIOHUT,
CBOWCTBa BA3KOynpyrue, srara, aHanorua siaro-spemMeHHas

npe,D,CTaBJ'IeHbI pe3yrnbTaTbl KOMMNJIEKCHOINoO NccnenoBaHnA BA3KOYM-
pyroro nosegeHud rmnHocoepawero HaHOKOMNo3nTa Ha OCHOBE
3MNOKCUAHOro CBA3yoLero nocrne AnnmteribHoro BO34ENCTBUS Bnaru.
anMeHeHMe MeToga TepMOMeEXaHM4YeCKOoro aHarnn3a no3BOoJinIiio
YCTaHOBUTb OCHOBHbIE 3aKOHOMEPHOCTU 114 TeMnepaTypbl CTEKINOBa-
HNA HAHOKOMIMO3uTa C pa3HbliM CoOAepPXaHNEM HaMNoINTHUTENA U Cop6|/|po-
BaHHoM Bnaru. Mo pesyrnbTatam 3KCNepuMeHToB Ha KBasnCcTtaTtn4eckoe
pacTtaxeHune Obinn Bbl6paHbI YPOBHU Harpys3ku and aKCnepnMeHToB
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Ha nonay4yecTb. MNony4YyeHHble CEMENCTBA KPMBbIX NMOM3y4ecTu 1 06-
paTHOM Non3y4ecTy ObiNy annpoOKCUMUPOBAHbLI C MOMOLLbIO NUHEN-
HOro MHTerparsnbHOro ypaBHeHus bonbuMaHa—BonbTeppa ¢ yueTom
NpUHUMNa Braro-BpeMeHHON aHanoruu. NpoBeaeHa oueHka uame-
HEHWUsI CNeKTpa BpeMEH 3anasablBaHus 1 YHKUUW pedyKLUM SMOoK-
CUOHOW CMOSbl NP BBEAEHWM B HEE YACTUL, HAHOHaNonHuTens. Mo-
Ka3aHo, YTO (PYHKUMSI Braro-BPEMEHHON pedyKLuumM KOPPEnupyeT C
N3MeHeHneM npeaena BblHY>XOEHHOM BbICOKO31aCTUYHOCTU U U3Me-
HeHnem obbema 06pasLiOB HAHOKOMMO3UTa NPU YBIAXXHEHUN.

BBenenue

Hcnons3oBanue HOBBIX MaTepraioB — HaHokommo3uToB (HK) Ha ocHOBe mo-
JMMEPHOM MaTpPHUIIBI — B PA3HBIX 00JIACTAX TEXHUKU, KOHCTPYKIHUSX, @ TAKKE B
9JIEKTPOHMKE TPEOYET OLCHKH UX JIJUTENbHON e(pOpMaTHBHOCTH M IPOYHOCTH B
YCIIOBUSIX BO3JEHCTBUS pa3HBIX (PaKTOPOB OKpYyKatoLlel cpeasl (Harpy3ok, mo-
BBILIICHHOW W/WITK TIEPEMEHHON TeMITEpaTyphbl H/HIIH BIQXKHOCTH). J{J1sl TPOTHO3U-
pOBaHUs UIUTEIbHON Ae()OPMATUBHOCTH U NMPOYHOCTU TPATUIMOHHBIX KOMIIO-
3uTHbBIX MaTepuanoB (KM) — mosmmepoB, HamoJHEHHBIX MHUKpPOUYaCTHLAMU
MUHEPAJIOB, a TaKKe apMHUPOBAHHBIX CTEKJIO-, YIJIe- U OPraHOBOJIOKHAMH, —
MIpUMEHSETCS MeToJ| aHajoruil [1—3]: HanpsKEeHHO-BPEMEHHOW, TeMIepaTyp-
HO-BPEMEHHOM U BJIaro-BpeMEHHON. B 0OCHOBE 3TOro MeTOa JIEXKUT peayLIUPOBa-
HUE BPEMEHH ITOCPEICTBOM YCKOPEHHS PEIaKCAMOHHBIX MPOIIECCOB MPH YBEIH-
YCHWH YPOBHS Harpy3KH, TEMIIEPATypbl 1 OTHOCUTEIBHOIO BIArOCOACPKAHNS B
MaTepHaie, Xxapakrepuzyemoe GpyHKIUen peayKIuH.

PenakcanoHHble MpoLecch B MOIMMEPE 00YCIIOBIICHBI €0 MOJICKYJIIPHON U
HAJMOJIEKYJISIpHOHN cTpyKTypoil. [Ipn BBeIeHNM MUKPOHAIIOIHUTENS CTPYKTYpa
[I0JIMMEPA U3MEHSETCS IPEUMYIIIECTBEHHO B IOTPAaHUYHOM C YaCTHUIIeH HallOJTHU-
Tesst cnoe. ToJIUHA TOrPaHUYHOTO CJIOSl U €r0 OTHOCUTEIbHOE 00BEMHOE CO-
JepKaHue B MUKPOKOMITIO3UTE HEBENHUKH. I1109TOMy penakcanmoHHBIE IPOLIECCHI
B cBsizyronieM B KM u B G110Ke MpOTEeKar0T OJMHAKOBO U UX (DYHKIMU PEAYKLUH
COBIAAI0T. BBENEHME B MOIMMEp HAHOYACTHUL, UMEIOIIUX OTPOMHYIO YIEJIbHYIO
noBepxHocTh (~800 M?/T), MOET OKa3aTh BIIWSHIE HA €ro HaJMOJIEKYJISIPHY O
CTPYKTYpY B CHIIy OOpa30BaHMUsI HOBBIX CBS3€H W/WIIM YMEHBIICHUS! CBOOOIHOTO
o0bema. ITo B CBOIO O4EpEeIb MOKET IPUBECTH K U3MEHEHHIO CKOPOCTH M MHTEHCHB-
HOCTH PEIAaKCAlMOHHBIX IPOLECCOB U, KaK CIENCTBUE, — K U3MEHEHHUIO CIIEKTpa
BpEMEH periakcayy U GyHKUUH peayKuud. OCHOBBIBAsCh HA TOM, UTO BSI3KOYIIPY-
IMe CBOWCTBAa MOJMMEpa, B YACTHOCTH IOJI3Yy4YECTb, UMEIOT PEIAKCALNOHHYIO
MIPUPOLY, MOXKHO OKUIATh, YTO U3MEHEHHE XapaKTepa KPUBBIX MOJI3YUYECTH I10-
JMMepa Mocje BBEJCHHUS B HETO YaCTUI] HAHOHATIOJIHUTEIS AaCT HH(OpMaInio 06
WU3MEHEHUH €ro CIEKTPa BPEMEH 3ara3/bIBaHHs MJIH pesiakcanuu. TakuM oOpa-
30M, CPABHUTEIIBHOE U3YUECHHUE [10J13y4E€CTH HAHOKOMIIO3UTa U 0230BOI'0 IIOJINME-
pa B yCJIOBUSX BO3JCHCTBUS MOBBIIIEHHON TEMIIEPAaTyPhl W/HIIN BIAXHOCTHU OY-
JIET MOJIE3HO HE TONBKO C TOYKH 3PEHHS COCTABIIEHHS NMPOTHO3a JJINTEIBHOM
neGOpMaTHBHOCTH, HO U C TOYKH 3PEHHUS BO3MOXKHOCTH OLIEHKH H3MECHEHHSI
CIIEKTpa BpeMEH 3ara3pIBanus (penakcannn) nonuMepa B KM o cpaBHeHHMIO €
MOJIUMEPOM B OJIOKE B PACHIMPEHHOM BPEMEHHOM JIHAIa30He.

840 MEXAHUKA KOMITO3UTHbIX MATEPUAJIOB.— 2010.— T. 46, Ne 6.



BJIMSHUE BJIATY HA BA3KOYIIPYTUE CBOMCTBA [JIMHOCOJIEPKAIIELO...

B pabotax [4, 5] ObUIO BBISIBIIEHO CHUKEHHE TTOJIATIIMBOCTH TIPH TTOJI3YYECTH
TEpMOIIIacTOB (TMoJIMaMH/a U TOJIMKAIPOJIAKTOHA) TIOCJIE BBEICHHS B HUX HAHO-
YaCTHUL OPraHOMOAU(PUIUPOBAHHON THHBL. 151 IPOTHO3UPOBAHUS AU TEIBHON
nepopmatiBrocTr HK B [5] ncnonb30Banu npuHIKIT TEMIIEPaTypHO-BPEMEHHON
aHayoruy. 3Ha4eHus1 QyHKIIMK TEMIIepaTypHO-BPEMEHHOH PeayKIUH, XapaKTe-
pU3yIOLIe N3MEHEHHE CKOPOCTH I0JI3yYeCTH IPU M3MEHEHHH TEMIIEPaTyphbl,
i HK ¢ copepxanunem Hanmonmnurens pL= 1 u 2,5% 1no macce ObUIH BbILLIE, YEM
JUISL CBA3YIOIIETO B OJIOKE, a IPU YBEIMUCHUN COJIEPKAHUSI HAHOHATIOJIHUTEIS 10
7,5% — yMeHbIIaINCh.

Panee B [6] OBUIO M3YyYEHO BIIMSIHUE HATIOJHCHHS SMTOKCUIHOTO CBA3YIOIIETO
MJIOCKUMH YacTUlaMu MoHTMopuimonuta (MMT) Ha ero copOiuoHHBIE
cBolicTBa. biarogaps CyIiecTBEHHOMY YBEJINYEHHUIO M3BHJIMCTOCTH IIyTH IU(}-
GyHIMPYIOLIIMX MOJIEKYJ BoAbl npouecc copOuuu Biaru B HK nportekaer men-
JICHHEe, YeM B HeHaroJHeHHoM nosmmepe [7]. Tak, npu g = 6% xo3ddunmeHt
muddysun Baaru B HK ymensmaercs Basoe [6]. Ognako npenensHoe (paBHOBEC-
Hoe) Biarocojepkanue B HK Brimre, yem B 6a3oBoM mosnmmepe. OHO yBeTHUUBa-
€TCsl C YBEITMUYEHUEM CO/IepIKaHuUs HAOJIHUTENS. MI30bITOYHAS IO CPAaBHEHHIO CO
cBs3yromuM B Osoke Biaara B HK MoxxeT HaxoauTbesl B IOrPaHUYHOM CJIO€ WU B
camoM csizytomieM HK, koTopoe MOXeT oTiIH4aThCsl OT CBS3YIOLIErO B OJIOKE
IUIOTHOCTBIO YITAKOBKH MAaKpOMOJIEKYJI, T.€. CBOOOIHBIM 00beMoM. OcobeHHOC-
TH CTPYKTYpHI cBszytomero B KM MoryT ObITh BBISIBJICHBI IIPU MCCIICIOBAHUU
Ba3Koymnpyrux cBoiictB HK u nx uzmenenun nocine ynaxxuenust HK.

Hcxons U3 cka3aHHOTO II€JIM HACTOsIIeH paboThl MOKHO C(HOPMYIIHPOBATH
CJIEAYIOINM 00pa30M: NH3yueHHE BO3MOKHOCTH IPUMEHEHHUSI METOIa BJIaro-Bpe-
MEHHOM aHaJIOI'MHU K IPOTrHO3UPOBAHHUIO JUIUTEIILHOM M0JI3yYeCTH HAHOKOMITO3H-
Ta Ha MpUMEpe HanoJHEHHOM HaHoyacTUamMu MMT smokcuIHON CMOJBI U
OLIGHKA M3MEHEHHMS CIIEKTPa BPEMEH 3ama3AbIBaHus U (GYHKLUUHU PEIYKINHU MOK-
CUJHOM CMOJIBI IPU BBEJCHNH B HEE YaCTUI] HAHOHATIOJIHHUTEIS.

MaTepHaﬂ U METOAbI HCCJICAOBAHUSA

HccnenoBanu HAHOKOMITO3UT, B COCTaB KOTOPOTO BXOIMIIM STIOKCHIHAS CMO-
Jla Ha OCHOBE DMHUXJIOPTHAPUHA U qudeHuIoampornana (oucheHosr A), OTBepIn-
TeJh — TOJHOKCUTIIPOTIMIICH C KOHIIEBEIMI aMHHOBBIMHU Tpynmamu (Jeffamine®
D-400) 1 HamomHUTENh — HAHOYACTHUIBI TIHHHBI (U = 2, 4, 6% mno macce). [u-
Ha — MOHTMOPMJUIOHHT, UMetomas coctas [(Mg 33Al; 67)S14019(OH),]Na 33,
KpHCTAIJIM3YETCS B MOHOKIIMHHOM cucTeMe B OopMe YelIyeK TONHHON ~1 HM,
nuametpoMm ~100 um [8]. Hanmune ruipOKCHIIBHBIX TPYII HA IIOBEPXHOCTH Yac-
THIT HATIOJTHUTEIIS ottpeaerseT 3G dexT apmupoBanus. MoaudukaTopom oBEpX-
HOCTH SIBJISIJICA OKTaJeluiIaMuH. Martepuall mpeJocTaBiIeH UCCIeI0BaTEIbCKUM
uHctutyToM SYNPO (ITapnyouue, Yexus).

[Mpusmarrueckue oopasibl pazmepom 2,0 x 8,0 x 100,0 (£0,1) MM BbIpe3aHsbI
13 TOHKHUX IIacTHH pazmepoM 2 x 200 x 200 M. 7151 CHATHUS TEXHOJIOTMUECKUX
HaNPSDKESHUH MTPOU3BE/ICH OTKUT 00pa3ioB B TepMoinkady npu 80 °C B TeucHue
3 u. [Tociie oTxura 00Opasiibl HEHAMOIHEHHOTO ¢cBs3ytoinero u HK Obutn BoLIep-
YKaHBI 0O PAaBHOBECHOTO COCTOSHUS B aTMOc(epax ¢ BIAKHOCTBIO ¢ = 24, 77 u
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98% mpu Temnepatype 20 °C. B npouecce yBina)xHEHUS IEPUOJUIECKH U3MEPsI-
JIM Maccy M JUIMHY 00pa31ioB AJsl ONpeICICHUS B HUX BIIAr0CcoACpKaHus U nedop-
Mmanuu HaOyxaHus. PaBHOBecHOe Biarocojiepanue B 00pasiax JOCTUTHYTO 32
270 cyT u 66110 paBaeiM w= 0,2, 1,7, 3,0 + 0,05% cootBeTcTBEeHHO [6].

s onipenenenus remnepatypsl crekioBanus HK nposenensl TepMoMexanu-
Yyeckue ucrbiTanus [9] npu HarpeBanuu oOpas3ioB 10 150 °C co ckopocThIO
2 °C/mMuH ¥ IOCTEAYIOMEM OXJIAXKICHUH ¢ TIOMOIILI0 pudopa Y UII-70M.

HcnpiTanus Ha KBa3uCcTaTHIECKOE pacTspkeHue [10] mpoBoauIN Ha MaIlHHE

Zwick 2.5 mpu 20 °C co cKOpOCTBIO epeMeleH s BEpXHEH TpaBepchl S MM/MUH,

YTO COOTBETCTBYET CKOpOCTH Aedopmarmu 1,2 1073 ¢

HccnenoBanre moi3ydecTd OCYIIECTBIISIIM TPU MOCTOSIHHBIX pacTATHBAro-
LIUX Harpy3Kax, cocrasBiisiromiux 50% ot paspymatomieit 1uist kaxaoro HK u xax-
JIOTO 3HAUEHMs PABHOBECHOI'O Biarocojepxkanust. McnbplTaHus mpoBoguIn npu
kKoMHaTHON Temmeparype 20 = 3 °C. IIUTEAbHOCTh 3KCIEPUMEHTa Ha
noJn3yyects 7,5 4, Ha 00paTHyIo noasyyects — 17 4.

Pe3yJIbTaT]>I IKCIICPUMEHTOB

Tepmomexannueckuii anajmu3. [IpumeHeHne MeTo1a TEPMOMEXAHUUECKOTO
ananu3a Kk HK ¢ pa3HbIM copeprkanneM HaroJHUTeNs 1 Biard [9] mokasaio cie-
nytoriee (puc. 1): a) ¢ yBenuduenuneM Biaroconaep:xkanus B HK ero temmeparypa
CTEKJIOBaHUS TTOHIKaeTcs oT 45 1o 35 °C; 6) m3MeHEHUE TeMIIEPaTyPhl CTEKIIO-
BaHus HK B 3aBHCHMOCTH OT coziepikaHus HAITOJHUTEIIS B IIpeienax aTMoc(epsl
C OJMHAKOBOH BJIAYKHOCTBIO HEBEJHMKO (JISKUT B Ipenenax pa3dpoca dKCHepu-
MEHTAJIbHBIX JIAHHBIX ).

CnaOblii ycunuparIui 3QpQGeKT HANOJHEHHS, BO3MOXKHO, CBSI3aH C HHU3KOM
IUIOTHOCTBIO CITUBAHUSI MaKPOMOJIEKYJI CBS3YIOIIETO, PACIIONIOKEHHBIX BOKPYT
YaCTUI] HATTIOJIHUTEJIS, & TAKKe C BO3MOXKHOM arjoMeparifeil 4acTHI] HaITOJTHUTEIS

w, %
25 | | | |

Puc. 1. 3aBUCHUMOCTh TeMIEpPaTyphbl CTEKIOBaHUS 7, ¢ OT Brarocozxepxkanus w it HK
mpu p =0 (@); 2 (H); 4(A); 6% o macce (@).
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[11, 12]. B cBOO oyepeab CHUKEHUE TEeMIEpaTypbl CTEKJIOBAHUS 3MOKCUAHOTO
cszytomiero 1 HK Ha ero ocHoBe ¢ yBesnmueHneM Biarocojepxanus (cM. puc. 1)
CBHJIETEJILCTBYET O TOM, YTO COPOMPOBAaHHAs Biara sBJISIETCS MIacTHHUKATOPOM,
T.€. CIOCOOCTBYET YMEHBIICHUIO HMHTEHCUBHOCTH B3aUMO/ICHCTBHS MEXKIY MakK-
pOMOJIEKyJIaMH ¥ OOJIETYEHHUIO TMOABMKHOCTH WX CETMEHTOB, UYTO MPUBOJAUT K
YCKOPEHUIO PeIaKCallMOHHBIX MPOLeccoB. TemmepaTypa CTEKIOBAHUS STIOKCHI-
Horo csi3ytouiero B Onoke n HK cmemaercss B o0nacts TemiepaTyp, KOTOpbIe
quib Ha 10—20 °C Bblllle KOMHATHOM, T.€. TEMIIEPATYPBI, TPU KOTOPOH MPOBO-
JWIACh MeXaHHuYeckue HcrblTaHus. [loaTomy npuinoxeHHe Harpy3KH MOXKET
MPUBECTH K TOMY, YTO SIIOKCHTHOE CBsI3yIolIee MepeiiieT B 00JacTh BEICOKOAIIAC-
TUYHOCTH, XapakTepuzyemyro OoJbimumu Jedopmanusmu. [lo kpaiineit mepe,
paccMaTpuBaeMoe 3/1€Ch ATIOKCHIHOE CBS3YIOIIEE C MOBBIMICHHBIM BIarocoAep-
KaHHUEM HaXOAUTCS B 00J1aCTH IEPEX0a U3 CTEKJI000Pa3HOI0 COCTOSIHUSA B BBICO-
KODJIACTHYECKOE.

HaOyxanmne. I3BecTHO, 4yTO mpolecCy BIAroNoIJIOLIEHHsI B MTOJUMEPAX CO-
MyTCTBYET Ha0yXaHue, KOTOpoe 00s3aTeIbHO CBA3aHO C N3BMEHEHUEM CTPYKTYPBI
MOJIMMEPA U MMPUBOUT K yBEIMYCHUIO 00bemMa 00pasiioB [13]. Cpenu pakTopos,
omnpenesoIMX Ha0yXaHue MOJMMEPOB, TaKUX, KaKk IPUpoJia MOJIMMEpa U pac-
TBOPHUTEJISL, THOKOCTH ITOJMMEPHBIX LIETIeH, MOJIEKYISIpHAs Macca U XUMHUYECKHUH
COCTaB MOJIMMEpa, HATNYKE NTONEPEUHBIX CBS3EH MEX Ty LEMSIMU U TEMIIepaTypa,
HEMaJIOBa)KHOE 3HAYCHUE UMEIOT OCOOCHHOCTH HaJMOJICKYJISIPHOH CTPYKTYpBI
MOJMMEpa, B YACTHOCTH, TNIOTHOCTh YIIAKOBKK MakpoMoJieKyJl. Takum oOpaszom,
nccienysa ocodbennoctn kuHetukn HaOyxanust HK ¢ pasneiM coneprkanuem Ha-
HOJIHUTEJIS,, MO>KHO HOJyYUTh HEOOXOAUMYIO MH(OPMALIUIO O CTPYKTYPHBIX H3-
MEHEHUSX, npoucxomimux B oopasuax HK npu nx yBnaxueHuH.

3aBucumoctu aedopmanuu HaOyxanus HK ot comeprkanus Biaru B cB3yIo-
mieM Juid Beex paccmarpuBaembix HK npusenens! Ha puc. 2. Kak BUgHO U3 nas-
HBIX PUCYHKA, JJIsl BCEX MaTEpUaAIOB HAOJIOAaeTCsl OrpaHMYCHHOE HAOyXaHHe ¢

&y %
09F "
_ ®
0,6 - L
W 4
R /‘E ®
e /ﬂ Ve
03} Y
£
SE
L5 Aw. ©
A it | . " o
0 1 2 3 4

Puc. 2. 3aBucumocts nedopmanuu Habyxanus €, oodpasuos HK oT BenuuuHbl w npu
p=0(®);2 (M);4(A); 6% no macce (@).
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0 2 TR 4 6 8 10

Puc. 3. Kpussie nedopMupoBaHust 3MOKCUAHOTO cBsi3yromero (- - -) 1 HK mpu p = 6%
(—)uoe=24(1);77 (2); 98% (3).

Bo3pacratomieii ckopocthto. st HK mpu =2 u 4% u cBsizyroniero B 0J0Ke 3aBU-
CUMOCTH JiehopManiuii HabyXaHHsl OT COJep KaHUsl BJIard OJIMHAKOBBI, T.€. HA0Y-
xanne HK o0Oycnosneno Habyxanuem cps3yroinero. Jlius HK ¢ Gonbiim comep-
YKaHMeM HarosHuTeNs (L = 6%) HaOyxanue cBsa3ytomero B KM MeHbIne, uem B
omoke. O4eBHIHO, YACTh MOJIEKYJ BOIbI, copOupoBanHoit HK, Haxoqutes He B
CBSI3YIOIIEM, a B IOTPAHUYHOM C YACTHYKAMH HATIOITHUTEIIS CI10€ (MIIM BBHILY Me-
Hee TUIOTHOM YIIaKOBKH MaKpoMoJIeKy cBs3yromero B HK wacts Monexys Bojibl
HAXOJUTCS B €r0 CBOOOTHOM 00BbEME).

PacTsikeHne B pexxuMe KBa3UCTATUKHU. J[J1s1 ONCHKH BIVSIHUSL COZCPIKAHMSI
HAIOJTHUTEIS ¥ COPOUPOBAHHOM BJIaTH HA MOTYJIb YIIPYTOCTH M IIPOYHOCTH MaTe-
puaa ObLTO U3yUYEHO MOBEICHHE 00Pa3IloB SMOKCHTHOTO cBsizytomniero 1 HK mpu
KBazucTaTndeckoM nedopmuposanuu [10]. s npumepa Ha puc. 3 NpUBEICHBI
KpHBBIE Ie(OpMHUPOBaHHS dIOKCUAHOTO cBsi3yromero nu HK mpu p = 6%, obpas-
bl KOTOPBIX OBLIN MTPEIBAPUTEIHHO BBIICPKAHBI 10 PABHOBECHOTO COCTOSHUS B
atMoc(epax ¢ BiaaxHocThio 24, 77 u 98%. Kpussie nehopmuposanus HK ¢ co-
JepKaHueM HarmoJHUTeNs 2 1 4% MMEr0T aHaJOTHYHBINA XapakTep ¢ IpKO BbIpa-
YKEHHBIM TIPEIeTIOM BBIHYKIEHHOW AIIACTUYHOCTH (Ha PUCYHKE HE MPUBEICHBI).

Kak BuiHO U3 MaHHBIX pUC. 4, HATIOJIHEHUE STTOKCHIHOTO CBS3YIOLIETO YacTH-
uamMu MMT npuUBOIUT K yBETHMUSHHIO MOAYJIS YHPYTOCTH CYyXOro MaTephaia
npuMepHo Ha 30% U K yMEHBIIEHHUIO Tpefiesia BBIHYKICHHON 371aCTUYHOCTH U
nedopMaliiy, COOTBETCTBYIOIICH 3TOMY Ipe/ey, IpuMepHo Ha 1/3. YBenuue-
HUE BJIaroco/Iep:KaHus B MaTepualie, Kak B SIIOKCHAHOM cBs3yromieM, Tak 1 HK,
00yCIIOBIMBAET yMEHbBIIEHHE MOIYJS YIPYTOCTH M TIpejesia BBIHYKICHHON
AIACTUYHOCTH; Je(OpMaIns, COOTBETCTBYIOIIAS ATOMY IMPEAeiy, MPAaKTHICCKH
HE M3MEHSIETCS TPH U3MEHEHHUH BiIarocoaepkanust B marepuaine. Cyxue (BbLaep-
JKaHHBIE B aTMochepe npu ¢ = 24%) 00pa3iisl pa3pyIiarTcs 0oJiee XpyIKo, YeM
yBiIakHeHHBIE (TTpH ¢ = 98%). [IpoYHOCTH MEPBBIX B ABa pa3a MPEBHIIIALT IPO-
YHOCTB BTOPBIX. [[poMekyTouHbIe 3HaYeHHS IPOYHOCTH HAOII0OAar0TCA Y 00pas-
LI0B, BBIJIEp)KaHHBIX B aTMochepe mpu ¢ = 77%.
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a 0
4| E-TTa 80}: oy, MIla
1 -
- ° *
33 T 2 . ¢ * 3
% 3 :
A% W
0F & =
u, % M, %o
1 1 | | | 1 |
0 2 4 6 0 2 4

Puc. 4. 3aBucumocTts MOy ypyrocTu E (@) u mpenena BRIHYKICHHOH 3IacTHIHOC-
™1 Gy (6) or BemuuuHsl L i HK, yBIIaKHEHHOr0 10 pABHOBECHOT'O COCTOSIHHUSL TIPH
¢0=24(1); 77 (2); 98% (3).

Ios3y4decTh U 00paTHas MOJI3y4ecTh. Pe3ynbTaThl UCTIBITAHNI HAa KPATKO-
BpeMeHHY!0 (7,5 4) MOJI3y4ecTb CyXOro Marepualia IOKa3bIBalOT, YTO KPUBBIE
MOJATIMBOCTH HPH TOJI3YUECTH (32 HCKIIOUCHUEM MTHOBEHHOH MONATIMBOCTH
Iy =1/E) HK Ge3 Hamomuutenst u npu p = 4% HPaKTHYECKU COBIAAAIOT (PHC.
5—a), 1.€. pPeKT BIUSHUS HATIOJIHUTEIS BBIPAXKEH B 3aBUCIMOCTH MIHOBEHHON
MOJATIMBOCTH (M MOJYJISl YIPYTOCTH) OT COJepPIKaHUs HAIIOJTHUTENS. Y BIaXK-
HEHHE MaTepuasia MPHUBOJAMUT K 3aMETHOMY YBEJIWYCHHUIO MOJATIMBOCTH IPH
moyBydecTH (puc. 5S—a). IT0, O4EBUIHO, OOYCIOBICHO TEM, UTO COCTOSTHUE Ma-
Tepuaa OJIM3KO0 K BBICOKORIACTUYECKOMY .

OKCIEpUMEHTBl Ha OOpaTHYIO IMOJI3yYeCThb MOKAa3alH, YTO JedOopMaluu He
BO3BPALIAIOTCS B HYJb Nocie 17 4 HaOIroAeHusl, OAHAKO TeHACHIUS YMEHbIIIe-
Hus neopManuii BO BpeMeHH coXpaHsercs (puc. 5—o).

a 0
-1 4
1o | Fo- TTa o] 7T
A3
0,8 F 08I
0,6 I~ ‘-: 0,6 LA a
£ 1,2 . Addyyyy 1 2
04 & 04l oo A,
A
e Int | c P 999574 Ceoroer . I 1 [C
o gt s ottiiaan 1161 1% Shaiad 3 Saion
2 4 6 8 10 12 2 4 6 g 10 12

Puc. 5. Kpusbie momatimBoctt HK mpu = 0 (@) u 4% (A)u o =24 (1), 77 2) n
98% (3) ms mpsimoii (a) u oOpaTHOU Hon3ydectu (6).
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OnucaHue MOJI3y4ecTH U 00PATHOM MOJI3y4ecTH

Js ontmcaHust ceMeicTBa KpUBBIX TOI3ydecTH U 00parHoit momsydecty HK ¢
Pa3HBIM COZEP>)KaHUEM HAIOJHMUTENS NPU Pa3HbIX 3HAYEHHSIX W UCIIOIb30BAIU
JMHEWHOe HHTEerpalibHOE ypaBHeHue bonbiimana—Bombsreppa

t
g(t):"g) +é (j) K(t—$)5(s)ds

(1
C H}IpOM HOHSy‘lGCTI/I B BHUJIC CyMMI)I OKCIIOHCHT
1 p
-
K(t)zZ—’e I,
i=1Ci )
3neck t;, b;, i=1,..., n, — cHeKkTp BpeMeH 3ana3/biBanus. COrlIaCHO NPUHILUITY
BIIarO-BpEMEHHON aHAJIOTHH
t=ta,, 3)

rae a,,(w) — QyHKIus BIaro-BpeMEeHHOH pelyKIuH, XapaKTepu3yomas u3me-
HEHHUE CIEeKTpa BpEeMeH 3amna3AbIBaHuUs IPU U3MEHEHUH OTHOCHUTEIBHOIO BIIaro-
CoJIepKaHMs B MaTepurale.

Jlist HanpsKEHUs], MEHSIIOIIET OCsI 110 3aKOHY

o(t)y=cgH(t)—c o H(t—t(), 4)

rae ¢t = 0 — MOMEHT NPUII0KEHUS HaTPy3KH, f — MOMEHT pasrpysku, H(t) —

. et
¢dyHkuus XeBucaia, moaaTiIuBocTh /(1) = &) OyJIeT UMETH CIEIYIONLYIO 3aBH-
Go

CUMOCTDb OT BPEMCHU:

JUISL TIOJI3YYECTH TIPH £< £y

I(1) _1 +lz":b,.(1—e‘mw/ﬁ )
£ B

6))
1151 0OpPaTHOM MOJI3YYECTH IIPH 1> 1
1(1)= ; i be @/ Ti (el /T 1),
i (6)
@OyHKIUS BIaro-BpeMEHHOW peIyKIIMH BEIOpaHa B BUIC
Ina,, =oc1w+oc2w2. (7)

Takue q)OpMI)I 3aBUCHMOCTH HUCIIOJIb30BaJIM PaHCC JJId SIIOKCUAHBIX CBA3YIOUINX
¥ KOMITO3UTOB Ha UX OCHOBE [2, 14, 15].

Kax y»e 06bu10 0TMEedeHo, ocie 17 9 HaOmoIeH!sT TEHACHITHS YMCHBIIICHUS
BO BpeMeHH AeopManuy mpu 00paTHOH MoI3y4ecTy coxpansercs. MHbIMH Clio-
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Puc. 6. Kpuble ogaTIMBOCTH TIpH 0OpaTHON mom3ydecT (@) m monsydectu (6) HK

(1 = 4%), nosnyueHnsie 3kcrepumenTansHo pu w = 0 (H); 2,04 (@); 3,52% (A). JIu-

HUM — aNMpOKCHMAIHsl dKCrepuMenTa Gopmysnoit (6) ¢ yuetom (7) (@) u pacueT mo
bopmyie (5) ¢ yuetom (7) (6).

BaMH, €CTh OCHOBAaHHE IPEAIoaraTh, 4To AeopMamnu moji3y4ecTH 00paTHMBbI.
Jnst mpoBepKH 3TOTO MPEAIONIOKEHUI HEOOX0JUMO TapaMeTphl MOJIENH, OTpe-
JICJIEHHBIE 110 pe3yJIbTaTaM HUCIBITAHUHN Ha MOJI3y4eCTh, IPUMEHUTH IS CIydast
00paTHOH MOI3y9IeCTH NI HA00OPOT.

Jns onpeneneHus CIEKTPOB BPEMEH 3ama3iblBaHus T;, b;, i=1,...,n (2) u
¢bynkun Biaaro-spemennoi penykiuu (7) HK ¢ pasabiM conepkaHuem Harod-
HUTENST BOCIIONB3YEMCs Pe3y/IbTaTaMU HCHBITAHUN Ha OOpaTHYIO MOJ3Y4eCTb.
JI1s1 Ka)Kaoro 3HAYCHHS L CEMEUCTBO KPUBBIX MOJATIMBOCTU MPU 00paTHOM 1Mo~
JI3y4eCTH, COOTBETCTBYIOIINX PA3HBIM YPOBHSM BIarocoAep KaHus w, alipoKCH-
MHPOBAJH BhIpaykeHHEeM (6) ¢ yaetoM (7). 3amady anmpoKCHMAITIH PETTain C UC-
nosnb3oBaHueM SIMPLEX anroputma, peanuzoBanHoro Ha sizsbike FORTRAN.
LleneBas GpyHKIMS 3a1aBATACh B BHJIE CPETHEKBAAPATHYHOTO OTKJIOHEHUS pacye-
Ta OT dKCcrepuMeHTa. HauanpHble 3HaUeHHUs BpeMEH 3ana3/ibIBaHus] BEIOMPAIH C
pPaBHOMEPHBIM IIaroM B JiorapupmMuueckoM macmrade, t.e. 1, 10, 100 u T. 1.;
YHUCJIO YKCIIOHEHT 71 B siApe mo3ydectn (2) paBHO ceMu. B mpomecce MuHnMm3a-
MU TIeTeBOW (YHKIIMU cllaraeMble CO 3HAa4YeHHEeM MPeIPKCIOHEHIINAIHHOTO
MHOJKHUTEIIS MTOPSIKa 10~ 1 menee 0TOpachIBaJIM. DKCIIOHEHT B SIAPE MON3YYeCTH
(2) ocranoch 4eThIpe.

B kauectBe npumepa Ha puc. 6—a MPUBEACHBI PE3YIbTATHI AMIPOKCUMALIUT
KPHBBIX MMOJIATIUBOCTH MPH OOPATHOM IMOJI3YUECTH B ITOTYIOTapUPMHUECKIX KO-
opaunarax juia HK ¢ conepxanuem nanomaurens 4%. [Iposepka npumeHnmMoc-
TH U3TT0’KEHHOW MOJIETIH TIOKa3alia YAOBIETBOPUTEIHHOE OIMCAHNE IKCIIEPUMEH-
TOB Ha TON3y4ecTh (puc. 6—06). [lomyueHHBIe B pe3ynbTaTe anmpoKCUMaIlun
CIIEKTPHI BPEMEH 3amna3blBaHus U (QyHKIUHU Biaro-speMeHHol penykiun HK ¢
Pa3HBIM COJIepKaHNUEM HAIIOJIHUTENSI IPUBEACHBI Ha PUC. 7 U 8 COOTBETCTBEHHO.
Crnektpsl BpemeH 3ana3abiBanust 1 HK npu p =2 1 4% (puc. 7) npakTH4ecKH He
OTIIMYAIOTCS OT CHEKTPa IS CBA3YIOLIETO B OJIOKE: OHU UMEIOT eIMHYIO0 aMILIH-
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4 - lnbl‘

Puc. 7. Cnextpsl Bpemen 3ana3apiBanust HK pu = 0 (9); 2 (H); 4 (A); 6% (@).

TyJIHYI0 orubarouryo. B ciydae xe |t = 6% 3TH CHEKTPBI pa3IndaloTcs: BpeMeHa
3ara3/ibIBaHNs YBEIMUNBAIOTCS, HHTEHCHBHOCTb HECKOJIBKO YMeHbIaeTcs. B pe-
3yJbTaTe Orudaronias CreKTpa sBIAeTCs 0oJiee MOJIOTO0H, YeM JIJIsl CBA3YIOIIETO B
omoxe 1 HK mpu p < 6%.

dyHKUMK Braro-speMeHHor peaykuun HK ¢ pa3HbIM copepxaHueM Haro-
HuTens (puc. 8) HENMHEHHBI, UX TPaQUKH — BOTHYTHIC JTMHHH, XapaKTePH3YIO-
LIMe YCUIICHUE BIUSHUS COPOMPOBAHHOMN BJIard IpH YBEITMUCHHUH €€ COACPIKaHMSI
B Marepuaie. CpaBHeHHe QyHKINH Biaro-speMenHol peaykuun HK mpu pa3ubix
3HAYCHUSX |l TOKA3AJI0, YTO BBEACHHUE MAJIOTO KOJTMYECTBA HATOTHUTEIS (L= 2%)
oCITa0JIsIeT BIMSHAE BIIATH Ha BI3KOYIIPYTHE CBOMCTBA cBs3yromero B KM. Bos-

10 Ina,
st /
6k 14
A’l I’
4 [— /
| |
1
2+ %3
= w, %
a L l I
0 1 2 3 4

Puc. 8. ®yukiun Bnaro-spemennoi penykimu HK mpu p = 0 (@); 2 (H); 4 (A); 6%
(@), moyyueHHBIC IMyTEM ANMPOKCHMAIMH CEMEHCTBA KPHUBBIX OOPAaTHOW MOJI3y4YECTH
MaTepualia ¢ pa3sHbIM Biiarocojaep:kanueM dpopmyiamu (6), (7).
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MOYKHO, 3TO BBI3BAHO B3aMMOJEHCTBHEM YaCTHL HATIOJIHUTEISI C MAKPOMOJIEKY-
JIaMH CBSI3YIOLIETo ¢ 00pa3oBaHreM (QHU3HUYECKHUX CBA3el. BO3MOXKHO Takke, 4To
4acTh COPOMPOBAHHOMN BIard HaxXoAuTcs B MexkdazHoM cioe [6]. C yBennueHrneM
kod(duimeHTa HaOTHEHNs BIUSHUE BIIATH Ha BS3KOYIPYTHE CBOHCTBA CBS3YIO-
mero B KM ycunuBaercs u ipu (L = 6% 3TO BIHMSHKE TaKOe e, KaK JIIs CBA3YIO-
miero B Osioke. YacTuipl HallOJIHUTEIS Pa3phIXJIIOT CTPYKTYPY CBS3YIOIIETO B
HK, ckopocTh penakcannoHHBIX IPOLECCOB B 001aCTH OOJIBIINX BPEMEH YMEHb-
IaeTCA.

Bnusuue paBHoBecHoro Biaroconepxkanus B HK Ha ero Bsaskoymnpyrue
CBOICTBA BBIpA)KEHO B M3MEHEHUH IpeJieNia BEIHYKICHHON 3JIJaCTUYHOCTH B KBa-
3MCTATHYECKUX UCHBITAaHUSX (CM. pHuc. 4—0). B cooTBeTCTBHM C ypaBHEHHEM
OlpuHIa 3aBUCUMOCTb IIPE/IEIa BbIHYKIEHHOH 3JJaCTUYHOCTH OT CKOPOCTHU [ie-
(hopMaru UMeeT BT

oy =A+BIné. (8)

VuuTeiBas pellakCallMOHHYIO IPUPOLY BA3KOYIPYTOCTHU £T ; =const(w), UMe-
eM

. 0
lns_:—1 =lnr—’i =-Ina,,
€0 T; )

T. €. U3MEHEHHUE MpeJieia BBIHYKIEHHON 3IaCTUYHOCTH IOJIKHO KOPPEIUpPOBaTh
¢ pynkmueit penykmum. Takas xoppensus cymectByeT: st HK ¢ pazHbm co-
JIep>KaHUEM HAIIOJIHUTENST U3MEHEHUE NpeJieia BbIHYKICHHON 3JaCTUYHOCTH
MPsIMO TIPOTIOPIIMOHATIFHO 3HAYEHHIO (DYHKIUU BIIATrO-BPEMEHHON peayKIUU
(puc. 9). BeisiBieHHas: KOPPEISAIUS MOXKET CITY>KUTh OCHOBOU JUISI alTbTEPHATHB-
HOT'0 ONpe/IeNieHUs] (PYHKIIMU BJIaro-BpeMEHHON PEAYKIIMU 10 pe3yJibTaTaM KBa-
3MCTATHYECKUX UCIIBITAHUIN B PEIKHUME IIOCTOSTHHOM CKOPOCTH Je(OPMUPOBAHHMSL.

6L In a,,
. [ ]
/f
//
-
4 PR
-
7 n
bd
”
vd
-
2F P
7 o
//
// A -
/// Acy(w), MIla
- I L I 1 I
0 1 2 3 4 5

Puc. 9. Koppensmust GpyHKIMA BIaro-BpeMeHHOH penykiwd (7) ¥ U3MEHEHHs Tpeaesna
BBIHYJICHHOW 3JIACTUYHOCTH B KBa3HCTaTHUECKUX uenbITaHusx uist HK mpu p = 0 (@);

2 (M); 4 (A); 6% (@).
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Puc. 10. ®yHKIHS BIaro-BpeMeHHON PEAYKIIUK SMOKCUIHOTO CBS3YIOIIErO: TOYKH —

pacuer 110 gopmyite (10) ¢ UCIONIB30BAHHUEM 3aBUCHMOCTH aehopMauy HaOyXaHusi OT

OTHOCHUTEIILHOTO BJIAroCoJIepKaHus (CM. pHC. 2); JUHUS — amMpOKCUMAIIHsI CeMEHCTBa
KPUBBIX 00paTHOM MOJI3y4eCTH Ha puc. 8.

Cy1ecTByeT elle OA1H allbTePHATUBHBIN ClIOCO0 onpeaeieHus pyHKIuH pe-
OYKIUU — 110 00beMHO#t nedopmanui [ 15]. K coxkanenuto, npu yBlIa>xHEHUH 00-
Pa3LoB U3MEPSUIN JUIIb J1e(hOPMAIHIO, XapaKTePHU3YIONIYI0 H3MEHEHHE TOIIH-
vel. HaOyxaame HK ¢ pasHbIM comep’kaHWeM HAITOJHHUTENS WLTIOCTPUPYIOT
nansble puc. 2. [lomaras, 9To cBs3yromee B 0JIOKE H30TPOITHO, BEIYUCIUM 00BEM-

AV
Hy10 Aedopmaruio HabyxaHus —— =3¢, U, UCIOJIb3Yys 3aBUCUMOCTh (QYHKIIUH

0
peAyKIMHU OT U3MeHeHHs oobema [14]
1 AV 1
1n aw = 5
f 2V 1 LAY

Jo Vo (10)

moryduM (GYHKIIHIO BIIaro-BpeMeHHOH penykiuu (puc. 10), coBIMamaronrym c
OIIPE/IEIIEHHON U3 DKCIIEPUMEHTOB Ha MOJI3y4ecTh B cirydae [ = 0,062.

Takxum 00pa3oM, Koppensnus (pyHKINU BJIaro-BpeMeHHOH peyKIIHH CBSI3YFO-
miero B 0JI0Ke ¢ u3MeHeHneM 00beMa 00pa3LioB PH YBIAXXHEHUH ITO3BOJISIET MIPO-
BECTH €€ OIICHKY I10 pe3yJibTaTaM HaOyXaHHS.

BoiBoabI

1. HamonHeHne SMOKCHUIHOTO CBS3YIOMIETO HAHOYACTUIIAMH MOIU(HUITUPO-
BagHOro MMT yBemW4MBaeT JKECTKOCTh (MOIYJb YIPYTOCTH) MPUMEPHO Ha
30%, Ha 1/3 ymeHbIaeT npezen BEIHYXISHHOW 3JIaCTHYHOCTH U Ae(OpMaIHIo,
COOTBETCTBYIOUIYIO 3TOMY MpeAely, MPAaKTHIECKH HE M3MEHSET TeMIIeparypy
CTEKJIOBaHUS cyxoro marepuaina. Cialblil ycuinBaomui 3pGeKT HaOTHEHHS,
BO3MOXHO, CBsA3aH C HHU3KOM IIJIOTHOCTBIO CIITMBAHUS SMOKCUJHOTO CBA3YIOUICTO
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BOKpYT YacTUI] HAHOTJIMHBI M3-32 B3aMMOJEHCTBUS MOJMMEPHBIX LENeH ¢ Io-
BEPXHOCTBIO YaCTHUI U POPMUPOBAHUEM MEXK(Pa3HOTO CIIOSI.

2. Cpoctom Biarocoaep:xanusa B HK 1o 3% o macce Moty b ynpyrocTu CHu-
JKaeTcs MPH BCeX PACCMOTPEHHBIX 3HAUEHUSX L. XapaKTepHO, YTO HE3aBUCUMO OT
BJIArOCOZAEPKAHUA MaKCHMaJIbHbIE 3HAUYEHHUS MpPEeJesia BhIHYKICHHOW 371acTHY-
HocTH nocturaroTcs npu nedopmuposannu HK 1o 2,5—3%. [lo-Buagumomy, atn
3HAUEHUs CIIEyeT PacCMaTpUBATh KaK COOTBETCTBYIOLIME MIPEACTY BBIHYXKICH-
Hoil anactuunoctu HK B nannoii cpene.

3. 3aBucumocTs BA3koynpyrux cBoicts HK ot Binaroconepsxanus B MaTepuaie,
TaK ke Kak 1 0a30BOTO MOJIMMeEpPa, OIUCHIBACTCS HA OCHOBE MPUHIIMIIA BIIaro-Bpe-
MeHHO# ananoruu. CriekTpsl BpemeH 3ana3asiBanust HK mpu 1 < 6% npaktuueckn
COBIIAJIAIOT, @ IPH L = 6% OTIINYAIOTCSI OT CHIEKTPa BPEMEH 3alla3/IbIBaHuUs CBA3Y-
ou1ero B 0s1oke. @yHKIUS BIIaro-BpeMEHHON PEAYKLUH, XapaKTepU3yIoLiast BIIHU-
SIHUE BJIarOCOZCP KaHUs B MaTepHajie Ha €ro BSI3KOYIpPYyTUe CBOMCTBA, UMEET MU-
HUMaJIbHBIE 3HaueHus napaMerpoB s HK ¢ conepxanuem Hamonnutens 2%.
JanpHeiiiee yBeauueHne coepKaHMs HAOJIHUTENS IPUBOANT K YBEJINYEHUIO
napaMeTpoB QYHKIMU PEeAYKINH, U TIPH L = 6% MX 3HAYEHHUS COBIAIAIOT C TAKO-
BBIMH /17151 6a30BOTO MIOJIUMEPA.

4. Koppensanus GyHKIIHH BJIaro-BpeMeHHOH peIyKIIMU C N3MEHEHUEM ITpe/ie-
J1a BBIHYKICHHON 3JaCTUYHOCTH CBUJICTENILCTBYET O BSI3KOYIIPYI'OM XapakTepe
nepopmupoBanus HK ¢ pasueim BrnarocopepskanueM. Koppemsuus ¢yHKIAN
BJIAr0-BPEMEHHOM PelyKIIMHU CBA3YIOIIETO B OJIOKE ¢ M3MEHEeHueM 00bemMa o0pas-
OB NPHU YBIAKHEHWH IO3BOJIAET MPOBECTH €€ OLEHKY MO pe3yjbTaTaM
HaOyXaHUs.

Pa6ora BeimosiHeHa npu GUHAHCOBOM MmoIepkke EBporieiickoro conuanbHo-
ro ¢orga (mpoekt Ne 2009/0209/1DP/1.1.1.2.0/09/APIA/VIAA/114 u npoekt
Ne 2009/0138/1DP/1.1.2.1.2/09/IPTA/VIAA/004).
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ABSTRACT

The effect of moisture on mechanical characteristics of epoxy-nanoclay composite is established in the
paper. Second Fick’s law of diffusion was used to predict moisture diffusivity and equilibrium moisture
content using accelerated analytical procedure. The change of the elastic modulus, tensile stress, breaking
strain due to moisture absorption was examined. Finally, the estimation of boundary interlayer content in
composite and its effect on nanocomposite elastic properties was done. The higher content boundary
interlayer consistently leads to greater moisture absorption and as a result the greater change of
nanocomposite properties is observed.

1. INTRODUCTION

Interest in polymer layered silicate nanocomposites (NC) is driven by the possibility of
exceptional physical property enhancements, e.g. increased elastic modulus and improved
barrier properties, at low filler levels. The key to such performance rests in the ability to
exfoliate and disperse individual, high-aspect ratio (L/h>300) silicate platelets within the
polymer matrix [1]. The complete dispersion of clay nanolayers in a polymer optimizes
the number of available reinforcing elements for carrying an applied load and deflecting
cracks. The coupling between the tremendous surface area of the clay (~760 m%/g) and a
polymer matrix facilitates stress transfer to the reinforcement phase, allowing for such
tensile and toughening improvements [2].

Apart from the mechanical properties, the excellent barrier capability with significantly
reduced permeability of moisture and gases is one of the most attractive and useful
properties that have not been fully explored in the past [3]. The enhanced gas barrier
properties of polymer nanocomposites are now finding some limited application in
packaging material and containers for a wide variety of food and beverage products.
Meanwhile, the moisture barrier properties of nanocomposites are yet to be exploited.
While epoxy resins are very attractive due to their high strength and stiffness, high
temperature resistance, low volatility, low creep, low shrinkage, good adhesion to metal
and ceramic substrates, they have a major drawback of high moisture absorption, which
in turn degrades the functional, structural and mechanical properties of the composites [4-
6].

Because of the large aspect ratio and surface area of the exfoliated silicate layers they act
as efficient barriers against transport through the material. The transport speed of gases
and vapors through the polymer is reduced because the impenetrable silicate layers cause
an increase in the path length for molecules diffusing through the polymer. The reduced
transport rate reduces the rate of moisture uptake in hydrophilic polymers. Because



absorption of water reduces the elastic characteristics of hydrophilic polymers, the
addition of nanoparticles to reduce the negative effects of water uptake is particularly
useful [7].

The objective of this paper is to establish peculiarities of moisture sorption and to show
the influence of moisture on deformability of epoxy-nanoclay composite. For this
purpose the moisture diffusion behavior in atmospheres with different relative humidity
of the nanocomposite containing different clay contents was investigated. The influences
of moisture on the change of mechanical properties, such as tensile modulus and strength
are also studied.

2. EXPERIMENTAL

Bisphenol A epoxy resin was used as a matrix of the composite. The filler was
intercalated octadecylamine modified montmorillonite-based organoclay. The filler
content was varied from 0 till 6% by mass.

Specimens in the form of thin plates were used in order to measure the percentage of
weight change due to moisture absorption as a one-dimensional diffusion mode. The
dimensions of these orthogonal plates were in all our tests 2.0 x 8.0 x 130.0 (£ 0.1) mm.
Specimens were dried in an oven at 80°C to remove internal stresses which appeared
during their production before starting the tests. The specimens were placed then into the
humid atmospheres at room temperature, were periodically removed, wiped, air dried for
5 min, and then weighed with accuracy 0.00005 g.

Moisture sorption was performed in atmospheres with relative humidity ¢ = 24, 77, and
98% using desiccators with silica gel and saturated solution of salts NaCl and K,SO,.
Kinetics of moisture sorption was experimentally investigated using sorption method.
Specimen swelling was also measured during moisture sorption.

On the other hand, elastic properties during sorption process were determined by using
measured specimens eigenfrequences. The method is fully described in [8].

Quasi static tensile tests were performed on the specimens with different clay content in
dry and wet state using Zwick testing machine with a crosshead speed of 5 mm/min at
room temperature. Four filler mass concentrations ¢ = 0, 2, 4 and 6% were used in order
to study the effect of moisture and filler mass fraction on the mechanical behavior of NC
under investigation. Four specimens per each filler mass fraction were tested and the
values given correspond to their arithmetic mean value.

Thus the effect of moisture on the mechanical properties of epoxy/montmorillonite NC
was determined.

3. RESULTS AND DISCUSSION

3.1- Sorption kinetics of NC

The percent weight gain of the composite w(r) may be defined as the difference in
weights of the time-varying moistened w, and initial wy specimens, normalized to initial
weight of specimens according to relation:

w,—w

w(t) = ——2x100. ()
W

A series of measurements of moisture content of the specimens was executed at different

time intervals. The experimental values of moisture content for nanocomposite with filler



mass fraction ¢ = 0% were plotted in figure 1 versus the square root of time. Each of
these data points corresponds to the average value of 4 specimens.

4w, %

sqrt(t,hours)

D 20 40 60 80 100

Figure 1: The percentage of experimental weight gain (dots) for NC with ¢ = 0% at
atmospheres with ¢ =24, 77 and 98% and evaluation by Fick’s model (solid lines).

Moisture sorption by epoxy-based adhesives and composites is usually [9] described by
Fick’s equation, which for the case of one-dimensional diffusion, i.e. if there is a gradient
of concentration only along the x axis, is given by

oc d’c

a P @)
where c(x, ?) is the concentration of diffusing substance in point x at time moment 7, D is
the diffusion coefficient. We consider the diffusion in a medium bounded by two parallel
planes (planes at x = 0 and x = A, where 4 is the thickness of the specimen. The total
amount of diffusing substance obtained by integration the solution of equation (2) ¢( x, ¢)
by the thickness of specimen with initial conditions c(x, £ = 0) = ¢y and boundary

conditions c(x = 0, x = h, f) = ¢,, according to [10] is in the form of trigonometrical series

Ww(t) = w, —2 (wooﬂ—2 w,) g (1- (];21)’{)2 sin(%kxj eXP{_ (%) Dt} , 3)

where w,, is equilibrium moisture content in specimen.

By the example of NC with ¢ = 0% in figure 1, it is obvious that sorption process is
described by Fick’s model with good agreement for all concentrations of clay and all
atmospheres. Moisture diffusivity and equilibrium moisture content of composite could
be determined using accelerated analytical procedure [11]. The general idea is that for
large values of time it’s enough to describe sorption curve with first term of series in
equation (3) (k=1). It means that the rate of moisture sorption becomes

ﬂ:”z—'Dz.(ww_w). 4)
dt h
4.1 =

2

.odw . . . .
Consequently, for large values of time o is linear-dependent on w and the interception
t

point with w axis corresponds to equilibrium moisture content w,, Accordingly the




inclination angle of this curve allows determining diffusion coefficient, which is found by
relation
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Figure 2: The rate of moisture absorption versus moisture content in NC with ¢ = 4% and
atmosphere ¢ = 98%.

Diffusion coefficients were determined using the above mentioned procedure and are
presented in figure 3. It was experimentally confirmed that sorption process in NC passes
much more slowly than in pure epoxy resin (as shown in figure 3), for the highest filler
content diffusivity reduces about twice. As it was mentioned above this phenomenon
takes place owing to the large aspect ratio and surface area of the exfoliated silicate
layers, because they act as efficient barriers against transport through the material.
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Figure 3: Diffusion coefficient of NC evaluated by equation (5) versus filler mass
fraction.
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Figure 4: Equilibrium moisture content versus filler mass fraction (dots — result of
extrapolation of experimental data, line — evaluation by mixture rule).

The increase of equilibrium moisture content with the increase of clay mass content in
NC (shown in figure 4) could be caused by growth of boundary interface mass content.
The estimation of interface moisture sorption characteristics can be created using rule of
mixture for equilibrium moisture content

Wi =w?  (l=c=b)+w'" -b+w! -c, (6)
where w, w?, w”" and w/ are equilibrium moisture contents of NC, epoxy resin,
boundary layer and filler accordingly, ¢, b are mass filler and boundary layer fractions. It
is considered that w/ — 0. Such addition of boundary layer around the filler particles
allows preventing the deviation of evaluation by mixture rule (6) from results of
extrapolation using experimental data.

3.2- Mechanical characteristics

Of the various mechanical properties determined, elastic modulus is one of the possible
indicators of clay platelet exfoliation and could be weighted for gauging effects of
modifier structure on exfoliation [2].
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Figure 5: Typical stress-strain curves at a fixed rate of deformation (v =5 mm/min) for
NC with ¢ = 6% and ¢ = 24, 77 and 98% RH.



Stress-strain curves of NC are shown in figure 5. To examine the effect of organoclay
content on mechanical properties, elastic modulus and tensile strength were plotted
versus filler mass fraction (figures 6, 7). From these figures it could be observed that
elastic modulus increases up to 20% and tensile strength of the nanocomposite decreases
about the same value with the increase of organoclay content to 6%.

It was experimentally confirmed that the effect of moisture on the mechanical behavior of
NC is substantial. Absorbed moisture essentially plasticizes the composite and changes
rupture character from brittle in dry atmosphere to plastic in humid atmospheres. Tensile
strength of moistened composite drops twice. Elastic modulus both of moistened pure
epoxy resin and nanocomposite is reduced approximately 1/3 in comparison to initial
state.
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Figure 6: Elastic modulus of NC in atmospheres with different relative humidity versus
filler mass fraction.
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Figure 7: Tensile strength of NC in atmospheres with different relative humidity versus
filler mass fraction.

The relative change of elastic modulus for different filler fractions and atmospheres with
different humidity was evaluated using measured specimens eigenfrequencies during
sorption process. Figure 8 illustrates observed reduction of elastic modulus of NC in



atmosphere with relative humidity 98%. Appreciably, the negative effect on elastic
modulus of NC is reduced at high filler mass fractions.

sqrt (t, h)
60 80
. O 6
4
ray Pay O
a3 ey 2 O
o a 0 .
10 JdEIE, %

Figure 8: Relative change of elastic modulus of NC with different clay content (numbers
above curves) with time in atmosphere ¢ = 98%.

The efforts were being made to estimate the effect of boundary layer sorption
characteristics on nanocomposite elastic properties. As it was argued in figure 4 mixture
rule could not describe equilibrium moisture content of NC without including the third
phase — boundary layer. The same deviation in evaluation by mixture rule from results
obtained experimentally concerns dependence of elastic modulus on absorbed moisture
content as presented in figure 9.
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Figure 9: Elastic modulus of NC with ¢ = 6% versus absorbed moisture content (dots —
experimental data, line — evaluation by mixture rule).

The change of elastic modulus under effect of moisture by example of NC with filler
mass fraction 6% proves that moisture which exists in boundary layer significantly
influences the elastic modulus. As a result the effect of moisture on elastic modulus
predicted by mixture rule, where moisture content by boundary layer wasn’t taken into
account is hardly underestimated. Logically enough, the higher content of boundary layer
consistently leads to greater moisture absorption and consequently the greater change of
nanocomposite properties which are sensitive to moisture.



4. CONCLUSIONS

In the present paper the effect of moisture absorption on the mechanical properties of NC
was examined. The second Fick’s law of diffusion was used for the evaluation of the
diffusion coefficient and equilibrium moisture content of the materials tested. Moreover,
tensile tests and measurements of specimens’ eigenfrequencies were carried out for
evaluation of the mechanical properties. Finally, an attempt was made to estimate the
effect moisture in boundary layer on elastic modulus of NC. From the above investigation
the following conclusions may be derived

As the filler mass fraction is increased the equilibrium moisture content increases.
It can be described by the increase of boundary layer content around filler
particles which has an additional possibility to absorb moisture.

It was experimentally confirmed that sorption process in NC passes much more
slowly than in pure epoxy resin. Diffusion coefficient for high filler fractions
reduces about twice.

Shown effect of moisture on mechanical properties is substantial. Absorbed
moisture essentially plasticizes the composite changing the rupture character.
Tensile strength of moistened composite drops twice. Elastic modulus both of
moistened pure epoxy resin and nanocomposite is reduced approximately 1/3 in
comparison to initial state.

Boundary layer should be taken into account when properties of composite are
calculated using properties of components. The higher content of boundary layer
consistently leads to greater moisture absorption and as a result the greater change
of nanocomposite properties.
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MODELING OF EFFECTIVE ELASTIC PROPERTIES OF COMPOSITE
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ABSTRACT

In the current study the effect of filler and interphase on elastic properties of epoxy/clay nanocomposite is
estimated at nano- and macrolevels.

The interphase was introduced as a region with gradient of properties nearby the interface of matrix and filler
particles. At nanolevel the elastic properties of one single particle containing interphase were considered. The
effect of adhesion efficiency was taken into account in the region of the interphase. At macrolevel elastic
properties of nanocomposite were described analytically considering the structural components of the
nanocomposite: previously calculated effective elastic properties of filler particle containing interphase and
elastic properties of the matrix. The results of calculated elastic properties of nanocomposite at macrolevel
were compared with results of quasistatic tensile tests and good correlation was found.

It was shown that the thickness of the interphase and the adhesion efficiency should be considered due to their
high influence on overall behavior of the nanocomposite. This analysis at nano- and microlevels provides
possibility to estimate the effect of filler and interphase properties and content on effective elastic properties
of nanocomposite in whole.

1. INTRODUCTION

Due to unique platelet-like layered structure, relatively high elastic modulus and surface of
clay nanoparticles it’s possible to enhance mechanical and barrier properties of polymers at
low filler content (less than 6% by mass) comparing with conventional composites filled
with micro-sized inclusions [1-7]. Generally layered silicate-filled composites could be
divided into three groups: conventional composites filled with silicate aggregates and no
matrix intercalated inside the aggregate stacks; intercalated nanocomposites where matrix
material is located in the galleries between the clay platelets but layered structure remains
and exfoliated nanocomposites where the filler platelets are divided and separated within
the polymer matrix. It should be mentioned that these three cases are just idealization of
possible state in composite. Real NC can contain all the structures mentioned above. The
predominance of a particular type of structure mainly depends on the manufacturing
method of a composite and the degree of dispersion of the filler in it.

Although there have been numerous material syntheses, tests and characterizations of
layered silicate-filled nanocomposites in the literature, the fundamental mechanisms are not
fully clear and are rarely discussed [2]. Therefore a better understanding and prediction
ability is significant in accelerating development and application of nanocomposites.

It should be emphasized that effective properties of two-phase composites have been
extensively studied and various micromechanical models have been developed [8-12]. It is
well known that the basis of these micromechanics models is elastic solution of an infinite
matrix containing one inclusion. Nevertheless many authors proposed that apart from two



base phases there is an interphase layer between particle and matrix and its properties
should be taken into account [13-16].

Another point is that anisotropy of the layered silicate should be considered. A single layer
of montmorillonite clay is a monoclinic crystal composed of two silica tetrahedral sheets
and a central octahedral sheet [17]. Such a monoclinic sheet has 13 independent elastic
constants. Taking into account the hexagonal configuration of the tetrahedrons in the two
tetrahedral sheets and layered structure of montmorillonite clay it could be assumed that a
stack of the silicate layers is a transversely isotropic medium. For the case of intercalated
silicate in composite, the layered structure remains while the galleries between layers are
filled with polymer. This case also could be represented as transversally isotropic medium
from an overall point of view.

In current work the formulas for the composite filled with transversally isotropic spheroidal
inhomogeneities with a zero aspect ratio (platelets) will be used. The interphase will be
introduced as a region with gradient of properties nearby the interface of filler particle and
matrix. At nanolevel the elastic properties of one single particle containing interphase are
considered. The effect of adhesion efficiency is taken into account in the region of
interphase. At macrolevel elastic properties of nanocomposite are described analytically
considering the structural components of the nanocomposite: previously calculated
effective properties of filler particle containing interphase and elastic properties of matrix.

2. EXPERIMENTAL

Bisphenol A epoxy resin was used as a matrix of the composite. The filler was intercalated
octadecylamine modified montmorillonite-based organoclay. The filler content was varied
from O till 6% by mass.

The dimensions of these orthogonal plates were in all our tests 2.0 x 8.0 x 130.0 (£ 0.1)
mm. Specimens were dried in an oven at 80°C to remove internal stresses which appeared
during their production before starting the tests.

Quasi static tensile tests were performed on the specimens with different clay content using
Zwick testing machine with a crosshead speed of 5 mm/min at room temperature. Four
filler mass concentrations ¢ = 0, 2, 4 and 6% were used in order to study the effect of filler
mass fraction on the mechanical behavior of NC under investigation. Four specimens per
each filler mass fraction were tested and the values given correspond to their arithmetic
mean value.

Thus the effective elastic properties of epoxy/montmorillonite NC were determined.

3. MODELING

Since special attention is given to the evaluation of interphase problem and efficiency of
adhesion in nanocomposite appropriate formulas for the elastic properties of nanocomposite
filled with randomly oriented transversally isotropic spheroids with zero small aspect ratio
will be applied. Wang [2] showed that for the small filler volume fractions Norris
approximate expressions [12] for bulk and shear moduli of composite material reinforced
with isotropic oblate spheroids with small aspect ratio agree well with explicit Mori-Tanaka
expressions which are widely applied for the prediction of nanocomposite properties. These
approximate expressions can be written as
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where C; is filler volume fraction, y is aspect ratio of filler, K, i and v are the bulk, shear
moduli and Poisson ratio of composite, respectively. Indices 1 and 2 represent matrix and
filler properties. The aspect ratio  is defined as filler particle’s thickness related to its
length and is for the case of nanocomposite filled with clay platelets much smaller than 1.
In the numerical calculations, the bulk and shear moduli of the matrix and filler are chosen
in such way that they reflect the typical properties of epoxy resin and montmorillonite
silicate, respectively. Therefore, the Young’s modulus and Poisson ratio of the matrix are
considered to be E; = 3.45 GPa and v, = 0.35. The elastic modulus is also experimentally
determined value. Unfortunately there is lack of the complete elastic constants of
montmorillonite silicate. In the literature it is usually assumed that elastic modulus in the
longitudinal direction is ranging from 140 GPa [2] to 175 GPa [18]. In this work it is
assumed that E; = 168 GPa and v, = 0.2. The aspect ratio is chosen to be about 0.015.
Then the calculated values of formulas (1) and (2) are used to evaluate the elastic modulus
by the equation
AL
3-K+u

3)
The interphase was introduced as a region with gradient of properties nearby the interface
of matrix and filler particles. At nanolevel the elastic properties of one single particle
containing interphase were considered. The effect of adhesion efficiency was taken into
account in the region of the interphase. In our previous investigation [1] it was shown that
existence of interphase results in increase of equilibrium moisture content during sorption
experiments and as a result a significant decrease of elastic moduli was observed. Since the
analytical evaluation for both elastic and sorption properties was higher than that for
experimental results it was concluded that interphase has elastic properties lower than the
matrix and this conclusion will be used in current work.
The expression of the bulk modulus for the system of filler particle-interphase-matrix is
assumed to follow the formula

K,if 0<Xx<R,

- -(x-R
K(x,k,R;)=|K, {1—M-exp[¥j}f R, <x<R(,R,),
K, k-R,

K, otherwise
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where X is the coordinate in one-dimensional approach, K is the efficiency of adhesion, Ry is
the thickness of the filler particle. The adhesion efficiency is varying from 0 to 1 and
expresses the strength of interaction between filler and matrix. The thickness of interphase
Ri is denoted as the distance from filler particle to the matrix material with the deviation
from matrix properties & = 0.1 % and is evaluated by formula

R (k,R,)=R, —R, -k-1n(5&j.
(Kz - Kl)

The similar formulas could be written for the shear modulus.
Figure 1 shows the change of bulk modulus within the system of filler-interphase-matrix
material. Four different filler contents corresponding to experimental ones are used in the
analysis. It is evident from the figure that increasing filler radius the thickness of the
interphase increases. This leads to decrease of effective bulk modulus for the system in
whole.
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Figure 1: Bulk modulus of the 3-phase system for different filler contents R¢= 1, 2 and 3 %
(numbers on the curves) and constant line — pure resin, kK = 0.3.

Moreover the adhesion efficiency strongly influences the thickness of the interphase and in
this way lowers the value of the elastic moduli with the increase of R;. The dependence of
interphase thickness on the filler thickness and adhesion efficiency is shown in Figure 2. It
is clearly seen that with the increase of filler content or thickness of filler particle the
thickness of interphase layer increases reaching maximal value for the highest adhesion
efficiency (k= 1).
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Figure 2: Thickness of the interphase vs. thickness of filler particle for different values of
adhesion efficiency.

Then the derived variations of moduli were averaged for system of filler particle-interphase
in order to get quasi-particle with constant properties using formulas

Ri(k,R¢)
K(k,R)=—— [KOGk,R)dx,
max 0
(5)
1 Ri(k,R¢)
AGR) =——- [ (kR )dx.
Xmax 0
(6)

These elastic characteristics were used to evaluate the elastic modulus of nanocomposite
taking into account degree of adhesion and presence of quasi-particles with averaged
properties. The elastic modulus is determined by well known relation between elastic
characteristics

9-K(k,R ) z(k,Ry)

T3 K(GR)+a(K.R;)

E(k,R;)

(7)
The final result for the elastic modulus of the composite is showed in Figure 3. As it was
mentioned before the elastic moduli in the interphase were assumed to be lower than that of
the matrix. As seen from the figure adhesion efficiency greatly influences elastic properties
of the composite and lowers the effective elastic modulus. It is interesting to notice that
with the increase of adhesion efficiency the thickness of the interphase increases and so the
content of the quasi-filler particles grows as well. Nevertheless the averaging by the
diameter of the particle gives results which are monotonically growing functions in
dependence of filler content.
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Figure 3. Effective elastic modulus vs. filler volume content (dots — experimental data,
dotted line - evaluation by formula (3), solid lines — evaluation by formula (7).

4. COMPARISON BETWEEN MODEL PREDICTION AND EXPERIMENTS AND
CONCLUSIONS

As pointed out before the silicate platelets could be dispersed in the polymer in three ways:
in aggregates, as in intercalated layered nanocomposite and in exfoliated platelets. In the
current work only the last case was considered due to primary emphasis on the interphase
problem. The exfoliated platelets were represented as transversally isotropic spheroids with
low aspect ratio (0.015). The expressions for the bulk and shear moduli of the composite
were presented using expressions of Norris for randomly oriented platelets which are
suitable for low filler contents. First the properties of quasi-particle were estimated at
nanolevel considering efficiency of adhesion at different filler contents. It should be noted
that the stiffness of filler particles in the direction of major axis is the dominating parameter
in these calculations. Since the literature data for the elastic constants of montmorillonite is
incomplete it could be concluded that these values could be varied in order to get better
agreement with the experimental data.

According to the results obtained in the work the theoretical prediction using expressions of
Norris agree quite well with the results of quasistatic tensile test. Nevertheless the results of
this prediction are higher which can be described by the lack of precise values of
parameters like elastic constants and aspect ratio of montmorillonite clay. Another
possibility to describe this deviation is to introduce interphase layer. It is clear that taking
into account adhesion efficiency and high surface of filler particles quite high content of
quasi-particles is obtained in the case of nanocomposite. That’s why the thickness of the
interphase and adhesion efficiency can greatly influence the mechanical behavior of the
nanocomposite and should be considered. This analysis at nano- and microlevels provides



possibility to estimate the effect of filler and interphase properties and content on effective
properties of nanocomposite in whole.
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SUMMARY

In the current study the peculiarities of creep behaviour of epoxy/clay nanocomposite
(NC) under effect of moisture are estimated. The viscoelastic properties of NC were
investigated experimentally and their dependence on filler and moisture effect was
determined. The obtained results of uniaxial quasistatic tensile tests and creep tests were
compared and effect of moisture and filler on NC and matrix properties was analyzed.

Keywords: nanoclay composites, moisture effect, viscoelastic properties, creep, tension

INTRODUCTION

Recently several works have been devoted to the investigation of creep behaviour of NC
such as polyamide 66 filled with TiO, nanoparticles [1-3], polyamide 6 filled with
layered silicate [4], starch-polycaprolactone blend filled with montmorillonite modified
by quaternary ammonium salt [5] and polypropylene filled with shorter and longer
aspect ratio multiwalled carbon nanotubes [6]. Creep behaviour is rather important
property of polymer composites that determines their dimensional stability especially in
applications where material should support loads for a long period of time [5].

It has been shown in the literature that the use of polymers filled with exfoliated layered
silicate platelets instead of unfilled polymers can give an advantage - appreciable
improvement in creep resistance [4, 5]. Due to large length to thickness ratio and high
stiffness of the particles, the optimal properties could be reached at lower filler content
than with the use of traditional minerals or fibre fillers [5]. Nevertheless the effect of
moisture on creep behaviour of polymer containing nanoparticles is still unclear and
hardly published. Due to moisture absorption glass transition temperature T4 can be
reduced below the operating temperature and this strongly increases the creep
compliance [4].

Therefore the aim of current investigation is to estimate peculiarities of tensile
quasistatic and creep behaviour of epoxy/clay NC under effect of moisture. The creep
behaviour of this NC is of crucial interest because it is investigated also close to its glass
transition temperature.



EXPERIMENTAL

Bisphenol A epoxy resin was used as a matrix of the composite. The filler was
intercalated octadecylamine modified montmorillonite-based organoclay. The filler
content was varied from 0 till 6% by weight.

Moisture sorption experiments [7, 8] were performed in atmospheres with relative
humidity ¢ = 24, 77, and 98% using desiccators with silica gel and saturated solution of
salts NaCl and K,SO,4. The moisture kinetics was measured until specimens reached the
saturation level. The average equilibrium moisture content for NC was app. -0.4, 1.7
and 3.2 % for ¢ = 24, 77, and 98% with increase by app. 7 % for filler content changing
from 0 to 6 % wt. At least four specimens of the same compositions were tested for each
test. All the experiments were carried out at room conditions.

Quasi static tensile tests were performed with Zwick 2.5 at speed of 5 mm/min and
creep tests at stress level equal to half of tensile strength for 7 h and recovery tests for
17 h for the specimens at room temperature. The decrease of tensile strength with
increase of absorbed moisture content was taken into account. In order to estimate Tq of
NC for all filler and moisture contents differential scanning calorimetry (DSC) analysis
was applied using Mettler Toledo DSC device for temperature range from -50 to 150°C
at heating rate 10°C/min.

RESULTS AND DISCUSSION

Thermal analysis

Using DSC analysis glass transition temperature of moistened NC with different filler
content was determined. The results of the effect of filler and moisture content on Ty are
given in Fig. 1. As seen from this figure glass transition temperature of NC remains
nearly constant within one atmosphere and is about 50+0.4, 46+£0.5 and 40+0.4 °C in
atmospheres with ¢ = 24, 77 and 98% RH.
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Fig. 1. Glass transition temperature versus relative humidity of atmosphere of
NC with different filler content (numbers on the curves).

The slight reduction of NC Ty with increase of clay content indicates a possible lower
crosslink density around the clay particle, perhaps due to the perturbing effects of the
clay [11, 12] or/and interaction between polymer chains with the surface of the particles
and consequent interphase formation between the silicate layers [13, 14].



Since glass transition temperature of moistened NC is rather close to room temperature
and temperature of mechanical tests of NC peculiarities for short- and long-term
deformability is of current interest.

Quasistatic tensile tests

Experimentally measured stress-strain curves of NC with ¢ = 6% moistened at ¢ = 24,
77 and 98% RH are shown in Fig. 2. From these curves it could be observed that the
effect of moisture on mechanical behaviour is substantial. Absorbed moisture
essentially plasticizes the NC and changes its fracture character from brittle in dry
atmosphere to plastic one in wet atmospheres.
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Fig. 2. Typical stress-strain curves at a fixed rate of deformation (v =5 mm/min)
for NC with ¢ = 6% and ¢ = 24, 77 and 98% RH.

In order to examine the effect of organoclay content on mechanical properties, elastic
modulus and tensile strength were plotted versus filler mass fraction (Fig. 3, 4). Tensile
strength is defined as the maximal achieved value of stress in the specimen, and elastic
modulus is calculated from the slope of a secant line between 0.05% and 0.25% strain
on a stress-strain plot. It is clear from these figures that elastic modulus increases up to
20% and tensile strength of the NC decreases about the same value with the increase of
organoclay content to 6% for atmosphere with 24% RH. The reduction of tensile
strength in epoxy/clay systems could be attributed to the stress concentration effect of
clay agglomerates [15]. The point is that non-exfoliated clay particles can form large
agglomerates and as a result clay-matrix interactions decrease as clay content increase
[15, 16]. In other words the reduction in interfacial interactions lowers the efficiency of
the clay in strengthening of epoxy.
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Fig. 3. Elastic modulus of NC in atmospheres with different relative humidity
versus filler weight fraction.
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Fig. 4. Tensile strength of NC in atmospheres with different relative humidity
versus filler weight fraction.

Figures 3 and 4 also show the quantitative effect of moisture on tensile strength and
elastic modulus of NC. Tensile strength of moistened composite drops twice. Elastic
modulus both of moistened pure epoxy resin and NC is reduced approximately 1/3 in
comparison to initial state.

Creep tests
Creep performance is commonly represented by creep compliance J(t) and
1 ==0,
O
where g(t) is creep strain and o is applied stress.
For dry atmosphere and NC with different filler content the creep compliance curves are
given in Fig. 5. As seen from the figure the inclusion of clay nanoparticles into epoxy
resin led to a sufficient reduction of creep compliance of NC specimens dried in

atmosphere of 24% RH. Nevertheless for humid atmospheres absorbed moisture
significantly affected creep behaviour, leading to high deformability.
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Fig. 5. Creep compliance curves of NC specimens saturated in atmosphere with

In Fig. 6 the creep curves for dried and moistened NC are superimposed on one
reference curve by shifts along the time axis from the compliance curve obtained in dry
atmosphere. The figure shows the reference curves for all filler contents. It can be seen
that the curves have different shape. Obviously the creep compliance of NC in dry
atmosphere is reduced in comparison with unfilled epoxy but with the increase of
absorbed moisture content the plastization of the resin occurs (the mobility of polymer
chains increases). The change of creep behaviour that led to increase of creep
compliance with increase of filler content was possibly caused by morphological
peculiarities of filler particles (the layered structure and the initial formation of
aggregated stacks). Due to these factors the creep compliance could be increased by

24% RH.

additional “sliding” of silicate nanoparticles within the layered stacks.

C
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Fig. 6. Creep compliance for NC of different filler content (numbers on the

curves) as a function of time. The overlapped curves represent the curves shifted over
the time axis.

In order to estimate the effect of moisture on long-term deformability of NC the creep
parameters should be clearly denoted. Fig. 7 shows a standard creep-recovery test with
time-dependent deformation. The initial data obtained from creep curves are maximal
deformation emax, elastic deformation &g, viscoelastic jump eyej and residual deformation
€res after recovery test.
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Fig. 7. A standard creep-recovery test.

Further calculations provide additional data such as viscoelastic and plastic deformation
£ =€ — € v Clastic  recovery g, .. =Ep — € viscoelastic  relaxation

vel+pl el.rec max vej !

f f f o .
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ul

&
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It is obvious from Fig. 2 that the stress level (0.5 of tensile strength) used for creep tests
is relatively far from yield stress of the NC at room temperature. At this case the
dominant deformation mechanism of the polymers during creep is assumed to be mainly
viscoelastic if Ty of NC is higher than test temperature [2].

ors T
1

05
1 S )y
025 --""
c, %
0 T T T 1
0 2 4 6

Fig. 8. Deformations - &, ;i , &,e1e @Nd res Versus filler content for atmosphere

with 98% RH.



Since the most essential creep deformations were observed for NC specimens moistened
in atmosphere with 98% RH, the special attention is given to estimate peculiarities of
NC creep behaviour at these conditions. Fig. 8 shows the dependence of three creep
parameters — viscoelastic plus plastic deformation, viscoelastic relaxation and residual
(plastic) deformation on filler content. It can be observed that there is a good correlation
between them. All the deformations increase with the increase of filler content till 6 %.
Therefore it was confirmed that inclusion of clay nanoparticles to epoxy resin restricts
the mobility of polymer chains in dry atmosphere and improves creep resistibility of the
polymer, but absorbed moisture drastically plasticized the polymer (lowering T4 by
10 °C) and changed creep behaviour leading to the increase of creep compliance with
the increase of filler content. Particularly high deformations were observed for the
highest filler content in atmosphere with highest humidity which can be explained by
additional “sliding” of silicate nanoparticles within the layered stacks.

61 E, GPa
4 _
_ @=24%RH 3
- & 77 ¢
i >
i .y A 98
2 o ==
c, %
O T T 1
0 2 4 6

Fig. 9. Elastic modulus versus filler content (symbols — results of creep tests,
curves — results of quasistatic tensile tests).

The results for elastic modulus obtained from quasistatic tensile tests and creep tests are
compared in Fig. 9. It should be noted that elastic modulus for creep and recovery
experiments almost coincide. It can be seen that results of quasistatic tensile tests and
creep tests resemble. Elastic modulus in these tests increases by app. 30 (25)% with
increase of filler content and decreases by app. 45 (40)% with increase of moisture
content. As it was shown and discussed before in both tests moisture significantly
affects behaviour of deformation, leading to high deformability especially in
atmosphere with 98% RH.

CONCLUSIONS

In the present paper the effect of moisture absorption on the quasistatic tensile and creep
behaviour of epoxy/clay NC was examined. From the above investigation the following
conclusions may be derived:
= Results of quasistatic tensile tests and creep tests resemble. Elastic modulus in
these tests increases by app. 30 (25)% with increase of filler content and
decreases by app. 45 (40)% with increase of moisture content. In both tests



moisture significantly affects behaviour of deformation, leading to high
deformability especially in atmosphere with 98% RH.

Particularly high deformations were observed for the highest filler content in
atmosphere with highest humidity which can be explained by “sliding” of clay
platelets induced by plasticization of epoxy resin.

It has been experimentally testified that inclusion of nanoparticles to polymer
restricts the mobility of polymer chains in dry atmosphere and improves creep
resistibility of the polymer, but moisture drastically plasticized polymer (by
lowering its Ty by 10 °C) and changed creep behaviour leading to increase of
creep compliance with increase of filler content.

The change of creep behaviour that led to increase of creep compliance with
increase of filler content is possibly caused by morphological peculiarities of
filler particles (the layered structure and the initial formation of aggregated
stacks). Due to these factors the creep compliance could be increased by
additional “sliding” of silicate nanoparticles within the layered stacks.
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