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Per—lhyh

KÔrioc skopìc thc ergas—ac aut c  tan h melŁth thc sumperifor�c se erpusmì

polumer‚n nanosÔnjetwn ulik‚n. O erpusmìc e—nai mia kr—simh par�metroc, afoÔ Łntono

fainìmeno erpusmoÔ (suss‚reush paramìrfwshc) mpore— na odhg sei Łna ulikì se

astoq—a. ’Egine sugkritik  melŁth thc ant—stashc se erpusmì, gia diaforetikŁc kat�

b�roc periektikìthtec se nanoegkle—smata, all� kai gia sunduasmoÔc nanoegkleism�twn

(ubridik� nanosÔnjeta).

Ta ulik� pou melet jhkan  tan to polugalaktikì oxÔ (PLA) kai nanosÔnjeta au-

toÔ, me thn prosj kh nanoegkleism�twn ìpwc nanoswl nec kai nanoònec �njraka kai

oxe—dio tou grafen—ou.

Pragmatopoi jhkan peir�mata efelkusmoÔ kai erpusmoÔ kai Łgine sÔgkrish twn

ulik‚n. Apì ta peir�mata parathr same ìti h prosj kh nanoekleism�twn sto ulikì

odhge— se shmantik  belt—wsh twn mhqanik‚n idiot twn tou.

TŁloc, melet same di�fora ixwdoelastik� montŁla kai qrhsimopoi same to montŁlo

tou Burger gia na perigr�youme th sumperifor� twn ulik‚n. Parousi�zoume tic timŁc

twn paramŁtrwn oi opo—ec proŁkuyan apì thn prosarmog  tou montŁlou autoÔ se ìla

mac ta ulik�.

Λέξεις κλειδιά | nanosÔnjeta, biodiasp‚mena, polumer , PLA, CNF, CNT, GO, dokimŁc

efelkusmoÔ, dokimŁc erpusmoÔ, montŁlo Burger, ixwdoelastik� montŁla, prosarmog  para-

mŁtrwn, polugalaktikì oxÔ, nanoònec �njraka, nanoswl nec �njraka, oxe—dio tou grafen—ou



Abstract

In this dissertation we study the behaviour of polymer nanocomposines under creep

conditions. Studying creep is critical as strain accumulation can lead to material

failure. We compare the creep resistance of di�erent nanocomposite materials, by

varying both the weight content of the nanoparticulates and their type. We also

combine them into hybrid nanocomposites and test those too.

The materials we tested were polylactic acid (PLA) and nanocomposites having

PLA as their polymer matrix. The nanoparticulates we experimented with were carbon

nanotubes (CNTs), carbon nano�bers (CNFs) and graphene oxide (GO).

We conducted both tensile stress experiments as well as creep-relaxation experi-

ments. We use the data from these to compare the various materials. We saw that the

nanocomposites exhibited signi�cantly improved properties when compared to PLA

alone.

Finally, we studied several viscoealstic models and used Burger’s model to describe

the behaviour of our materials. We �tted the model to all of them and we present the

model parameters that were obtained by the �tting process.

Keywords | nanocomposites, biodegradable, polymers, PLA, CNF, CNT, GO, tensile

test, creep, Burger’s model, viscoelastic models, �tting, polylactic acid, carbon nano�bers,

carbon nanotubes, graphene oxide



Euqarist—ec

Ja  jela prwt—stwc na euqarist sw jerm� thn kajhg tria Dr. Euaggel—a KontoÔ

gia thn an�jesh miac tìso endiafŁrousac diplwmatik c ergas—ac kai gia eukair—a pou

mou Łdwse na thn ekpon sw. H arwg  thc sta peir�mata kai h suneq c kajod ghsh

thc kaj’ ìlh thn pore—a thc diplwmatik c ergas—ac  tan kajoristik c shmas—ac gia thn

epituq—a aut c thc prosp�jeiac.

Epiprìsjeta, jŁlw na euqarist sw ton upoy fio did�ktora Hl—a Qar—to, gia thn

polÔtimh bo jeia pou mou prìsfere sthn epexergas—a twn peiramatik‚n mou dedomŁnwn,

all� kai gia tic qr simec tou sumboulŁc.

Euqarist—ec ìmwc gia th st rix  touc jŁlw na ekfr�sw kai stouc gone—c mou, all�

kai stouc f—louc mou gia thn st rixh pou mou prosfŁroun ìla aut� ta qrìnia.

Ja  jela na afier‚sw th diplwmatik  aut  ergas—a sthn k. Leuk  Loðzi� pou mou

Łmaje na agap‚ to perib�llon kai na y�qnw p�nta trìpouc na to bohj�w, kai q�rh

sthn kajod ghs  kai st rix  thc ìla aut� ta qrìnia kat�fera na ft�sw mŁqri ed‚.



Κεφάλαιο 1

Θεωρητικό Υπόβαθρο

1.1 Polumer 

Polumer : polÔ + mŁroc(= tm ma) [1]

Polumer  onom�zoume tic qhmikŁc en‚seic oi opo—ec Łqoun meg�la mìria, gnwst� kai

wc makromìria. Ta makromìria aut� sqhmat—zontai apì mikrìtera mìria, ìmoia metaxÔ

touc, ta opo—a onom�zontai monomer . H diadikas—a me thn opo—a sqhmat—zontai ono-

m�zetai polumerismìc kai kat� th di�rkeia autoÔ ta monomer  antidroÔn metaxÔ touc kai

sqhmat—zoun ta polumer .

Up�rqoun tìso teqnht�, ìso kai fusik� polumer . Merik� parade—gmata fusik‚n

polumer‚n e—nai:

• XÔlo

• Met�xi

• Ost�

• DNA

• KaoutsoÔk

• Kuttar—nh

• ’Amulo

kai poll� �lla [2].
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Kef�laio 1. Jewrhtikì Upìbajro

1.1.1 Bajmìc polumerismoÔ

Ta monomer  ta opo—a apoteloÔn ta polumer  sugkratoÔntai metaxÔ touc me omoiopo-

likoÔc desmoÔc. Aut� ta monomer  sqhmat—zoun th legìmenh polumerik  alus—da. To

polumerŁc sugkrote—tai apì pollŁc apì autŁc tic polumerikŁc alus—dec oi opo—ec metaxÔ

touc sundŁontai me desmoÔc udrogìnou   dun�meic Van der Waals [3].

An sumbol—soume Łna monomerŁc me M , tìte mia polumerik  alus—da Łqei aut n th

morf :

M �M �M �M � � � � �M �M �M �M| {z }
n forŁc

gr�foume ep—shc [M ]� . O bajmìc polumerismoÔ den e—nai t—pota perissìtero apì ton

arijmì �. EÔkola mporoÔme na sumper�noume ìti to � sqet—zetai eujŁwc me to moriakì

b�roc tou polumeroÔc kai �ra ephre�zei tìso tic fusikŁc ìso kai tic mhqanikŁc tou

idiìthtec [2].

1.1.2 Kathgor—ec kai moriakì b�roc

Dom  alus—dac

• Grammik�: Ta mìria Łqoun th morf  miac apl c alus—dac, se mia di�stash tou

q‚rou (poluaijulŁnio, polusturŁnio, poluam—dia).

• DiakladwmŁna: Ta mìria Łqoun th morf  kladi‚n dŁntrou, mia basik  alus—da

me pleurikŁc diaklad‚seic. AnaptÔssontai se dÔo diast�seic (sumpolumerŁc

aijulen—ou-exen—ou).

• Diktuwt�: ApoteloÔntai apì alus—dec pou sundŁontai me diastauroÔmenec sun-

jŁseic pou sqhmat—zoun plŁgma (poluestŁrec, poluourej�nec, poluepoxudikŁc

en‚seic, formofainìlh). AnaptÔssontai se treic diast�seic. ’Otan ta �toma twn

sundŁsmwn e—nai ta —dia me aut� twn alus—dwn, tìte onom�zontai plŁgmata.

1.1.3 E—doc atìmwn

• Omoaluswt�: Alus—da pou apotele—tai apì Łna e—doc atìmwn.

�A� A� A� � � � � A� A� A�

2



Kef�laio 1. Jewrhtikì Upìbajro

Sq ma 1.1: Taxinìmhsh polumer‚n an�loga me to e—doc thc polumerik c alus—dac [2]

.

• Eteroaluswt�: Alus—da pou apotele—tai apì perissìtera tou enìc e—douc atìmwn.

�A� A�B � � � � �B � A� A�

1.1.4 Arijmìc monomer‚n

• Omopolumer  (homopolymers): Ta mìria touc Łqoun Łna e—doc atomik‚n mon�dwn.

• Sumpolumer  (copolymers): Ta mìria touc Łqoun Łna h perissìtera e—dh atomik‚n

mon�dwn.

� Tuqa—a sumpolumer  (random): Mikr� omopolumer  tm mata se tuqa—a di-

�taxh.

�A�B � A� A�B �B � A� A� A�B�

� Enallassìmena sumpolumer  (alternating): DÔo domikŁc mon�dec pou enal-

l�ssontai.

�A�B � A�B � A�B � A�B � A�B�

� Adromer  sumpolumer  (block): Apotele—tai apì meg�la (adr�) omopolumer 

3



Kef�laio 1. Jewrhtikì Upìbajro

tm mata.

�A� A� A� A� A�B �B �B �B �B�

� EnofjalmismŁna sumpolumer  (graft): Apì Łnan omopolumer  kormì ana-

ptÔssontai �llou e—douc omopolumer  tm mata (Sq ma 1.2).

Sq ma 1.2: EnofjalmismŁno polumerŁc

1.1.5 JermomhqanikŁc idiìthtec

• Jermosklhrunìmena - Jermostajer�: ApoteloÔntai apì mh grammik� makromìria.

’Otan jermanjoÔn, malak‚noun kai mporoÔn na morfopoihjoÔn. An tÔqoun pe-

rissìterhc epexergas—ac, apoktoÔn pukn  duktuwt  dom  kai sklhra—noun. H

diadikas—a aut  e—nai mh antistrept . Parade—gmata: fainolik� polumer  (faino-

lopl�stec   bakel—tec), epoxudikŁc rht—nec, aminopl�stec, poluestŁrec, k.�.

• Elastomer    elastik�: Sun jwc e—nai grammik� polumer  me diakladismŁnec alu-

s—dec. E—nai uperelastik�. Autì shma—nei ìti kat� ton efelkusmì epidŁqontai polÔ

meg�lh epim kunsh. Kat� thn apofìrtish epanafŁrontai taqÔtata. Parade—gma-

ta: elastikì kìmmi, sunjetikì kai fusikì kaoutsoÔk, sunjetikì poluðsoprŁnio,

elastikì sturŁnio-boutadiŁnio, poluqlwroprŁnio, silikìnec, k.�.

4



Kef�laio 1. Jewrhtikì Upìbajro

• Jermoplastik�: Sun jwc apoteloÔntai apì grammik� makromìria. ’Otan jerman-

joÔn, malak‚noun kai g—nontai reust�, afoÔ oi moriako— desmo— qalar‚noun. Me

thn apìyuxh stere‚noun kai h diadikas—a aut  e—nai antistrept  (se ant—jesh

me ta jermosklhrunìmena). Parade—gmata: poluaijulŁnio (RE), qlwrioÔqo po-

lubinÔlio (PVC), polupropulŁnio (PR), polusturŁnio (PS), poluakrulonitr—lio

(RAN), poluam—dia (Nylon), fjoropolumer , k.�.

1.1.6 ProŁleush

• Fusik�: ProŁrqontai apeuje—ac apì th fÔsh. Parade—gmata: mall—, met�xi

• HmisÔnjeta: ProŁrqontai apì qhmik  epexergas—a fusik‚n proðìntwn. Parade—g-

mata: ebon—thc, nitrokuttar—nh, rayon, cellofan. Diaqwr—zontai stic ex c om�dec:

� Apì kuttar—nh

� Apì prwteònec

� Apì par�gwga sakq�rwn

� Apì fusikì elastikì

� Apì futikŁc rht—nec

• Sunjetik�: Ta monomer  pou ta apoteloÔn de sunant‚ntai sth fÔsh (PVC, Nylon,

Te
on, k.�.). Diakr—nontai peraitŁrw se:

� Makromìria me anjrakik  alus—da: udrogon�njrakec kai par�gwga aut‚n,

polubinulaijŁrec kai par�gwga oxŁwn.

� Makromìria me etero�toma sthn alus—da touc: poluaijŁrec, poluaket�lec,

poluestŁrec, poluam—dia, poluourej�nec, polupar�gwga tou anjrakikoÔ o-

xŁoc kai polusilox�nia.

1.1.7 Qr sh

• Eure—ac qr shc: Par�gontai se polÔ meg�lec posìthtec, e—nai sqetik� fjhn�

kai br—skoun efarmogŁc se polloÔc tome—c thc kajhmerin c zw c. Parade—gmata:

PVC, ABS, polusturŁnio.

5



Kef�laio 1. Jewrhtikì Upìbajro

• Teqnik�: Oi mhqanikŁc touc idiìthtec e—nai an‚terec apì ta polumer  eure—ac

qr shc. ’Etsi, qrhsimopoioÔntai se pio apaithtikŁc efarmogŁc, ìpwc se tm mata

mhqan‚n kai kataskeuŁc (ant— met�llwn).

• ProhgmŁna: Parousi�zoun exairetikŁc mhqanikŁc idiìthtec kai paramŁnoun sta-

jer� se ant—xoec sunj kec (p.q. uyhlŁc jermokras—ec). H paragwg  touc pe-

rior—zetai se mikrŁc posìthtec kai Łqon polÔ eidikŁc efarmogŁc. Parade—gmata:

polutetrafjoroaijulŁnio (PTFE), polu(mejakrulikì mejÔlio) (PMMA).

1.1.8 Dom  enìc polumeroÔc

Oi par�gontec pou kajor—zoun th dom  enìc polumeroÔc e—nai:

• H sÔstas  tou (constitution)

• H stereotaxik  dieujŁthsh   apeikìnish (con�guration)

• O sqhmatismìc   h diamìrfws  tou (conformation)

• O Prosanatolismìc tou (orientation)

• H krustallikìtht� tou (crystallinity)

H qhmik  dom  apotele—tai apì th sÔstash kai th stereotaxik  dieujŁthsh, en‚

h fusik  dom  apì th krustallikìthta kai ton prosanatolismì. O sqhmatismìc e—nai

an�mesa sta dÔo, afoÔ exart�tai apì th sÔstash kai th dieujŁthsh kai kajor—zei ton

prosanatolismì kai thn krustallikìthta.

AutŁc oi dÔo domŁc e—nai shmantikŁc, afoÔ apì th mia h qhmik  dom  (dìmhsh tou

k�je makromor—ou) ephre�zei th qhmik  drasthriìthta kai apì thn �llh, h fusik  dom 

(dìmhsh sugkrothm�twn mor—wn) ephre�zei tic mhqanikŁc idiìthtec tou ulikoÔ. Kat�

sunŁpeia, e—nai profanŁc, ìti kat� sunŁpeia oi idiìthtec kai oi efarmogŁc tou k�je

ulikoÔ exart‚ntai apì tic dÔo autŁc domŁc.

T‚ra ja exet�soume touc par�gontec pou Łqoume anafŁrei xeqwrist�.

SÔstash (constitution)

H sÔstash enìc polumeroÔc mpore— na exetaste— se di�fora ep—peda:
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• SÔstash thc polumerik c alus—dac: tÔpoc kai seir� twn atìmwn, domikŁc mon�dec

kai epanal yeic, bajmìc polumerismoÔ.

• SÔstash twn upokat�statwn thc polumerik c alus—dac: e—doc pleurik‚n kai a-

kra—wn om�dwn

• SÔndesh twn alus—dwn: diaklad‚seic, diastaur‚seic (tÔpoc kai bajmìc), sqhma-

tismìc plŁgmatoc

Stereotaxik  dieujŁthsh   apeikìnish (con�guration)

Me ton ìro stereotaxik  dieujŁthsh ennooÔme th di�taxh twn atìmwn thc polumerik c

alus—dac ston q‚ro, th dieujŁthsh twn upokatast�twn gÔrw apì Łna orismŁno �tomo

kai thn allhlouq—a/diadoq  twn mikrostereotaxik‚n dieujet sewn mŁsa sthn alus—da.

H stereotaxik  di�taxh e—nai aut  pou kajor—zei dÔo e—dh stereoðsomŁriac: thn ste-

reotaxik  kanonikìthta kai thn optik  isomŁreia. H stereoðsomŁreia sta polumer ,

ìpwc kai stic aplŁc en‚seic, ofe—letai sth diaforetik  dieujŁthsh twn atìmwn   twn

upokat�statwn tou makromor—ou ston q‚ro. Stereoðsomer  e—nai dÔo polumer  me thn

—dia qhmik  sÔstash kai ton —dio suntaktikì tÔpo all� diaforetikì stereoqhmikì, o

opo—oc genikìtera e—nai gnwstìc wc apeikìnish [4].

Stereotaxik  kanonikìthta / taktikìthta (tacticity) Or—zetai wc o trìpoc

me ton opo—o oi om�dec thc basik c polumerik c alus—dac diat�ssontai ston q‚ro. Em-

fan—zetai sta asÔmmetra �toma �njraka thc polumerik c alus—dac.

Sq ma 1.3: Isotaktikì PolupropulŁnio [5]
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Optik  isomŁreia Emfan—zetai se en‚seic oi opo—ec Łqoun toul�qisto Łna asÔmme-

tro �tomo �njraka sto mìrio touc. Autì shma—nei ìti to �tomo �njraka e—nai enwmŁno

me tŁsseric diaforetikoÔc upokatast�tec. Aut� ta polumer  e—nai optik� energ�, me tic

optikŁc touc idiìthtec na e—nai diaforetikŁc apì autŁc twn monomer‚n touc.

IsomŁreia cis-trans Akìmh m—a endeiktik  morf  stereoðsomŁreiac.

• Cis form: Ta �toma �njraka br—skontai sthn —dia pleur� enìc diploÔ desmoÔ.

• Trans form: Ta �toma �njraka enall�ssontai ekatŁrwjen tou epipŁdou tou di-

ploÔ desmoÔ.

Sq ma 1.4: Di�taxh cis-trans [6]

Sqhmatismìc diamìrfwsh (conformation)

Me ton ìro sqhmatismì ennooÔme thn protim‚menh jŁsh pou pa—rnoun ta �toma kat� thn

peristrof  touc gÔrw apì Łnan aplì desmì ston q‚ro. BŁbaia, o aplìc desmìc prŁpei

na epitrŁpei thn peristrof  aut  (na leitourge— san �rjrwsh). Ax—zei na shmeiwje— ìti

oi pollaplo— desmo— den epitrŁpoun thn opoiad pote peristrof .

Me k�je peristrof  gÔrw apì ton aplì desmì Łqoume Łna nŁo sqhmatismì, kai �ra

mia nŁa stereoqhmik  dom . Se mia polumerik  alus—da Łqoume polÔ meg�lo arijmì

tŁtoiwn sqhmatism‚n kai h morf  thc alus—dac kajor—zetai apì th seir� aut‚n. ’Opwc

anamŁnoume, ta makromìria te—noun na metaba—noun sthn kat�stash mŁgisthc entrop—ac.

Prosanatolismìc

O prosanatolismìc perigr�fei thn protim‚menh dieÔjunsh pou akoloujoÔn ta mìria

  sugkrot mata mor—wn se stere� kat�stash se eidikŁc sunj kec diamìrfwshc tou

polumeroÔc.
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Anaferìmaste kur—wc stic peript‚seic polumerik‚n in‚n, fÔllwn kai film. Aut�

ta ulik�, me thn ep—drash mhqanik c katapìnhshc (tanusmì), Łqoun perioqŁc oi opo—ec

prosanatol—zontai sth dieÔjunsh fìrtishc.

O prosanatolismìc autìc qarakthr—zetai apì ton bajmì prosanatolismoÔ. Lìgw

thc duskol—ac tou prosdiorismoÔ tou ìmwc, sthn pr�xh merikŁc forŁc wc krit rio pro-

sanatolismoÔ qrhsimopoie—tai o lìgoc tanusmoÔ, pou e—nai o lìgoc tou m kouc tou

dokim—ou prin kai met� ton tanusmì.

Krustallikìthta

’Ena polumerŁc onom�zetai krustallikì (crystalline) ìtan up�rqei uyhlìc bajmìc t�xhc

sth dieujŁthsh twn mor—wn tou. Sthn ant—jeth per—ptwsh, to ulikì onom�zetai �morfo

(amorphous).

Perigr�fei thn protim‚menh dieÔjunsh pou akoloujoÔn ta mìria   sugkrot mata mo-

r—wn se stere� kat�stash se eidikŁc sunj kec diamìrfwshc tou polumeroÔc. Praktik�

ìmwc, autì sumba—nei sp�nia. Ta perissìtera polumer  ekte—nontai se mikrì di�sthma

kai sth sunŁqeia anadipl‚nontai.

Sq ma 1.5: Polumerik  alus—da pou anadipl‚netai [2]
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Bajmìc krustallikìthtac Ta polumer  pou e—nai krustallik� sthn pragma-

tikìthta den e—nai pl rwc krustallik� (olokrustallik�). ApoteloÔntai men apì kru-

stallikŁc perioqŁc, all� up�rqoun kai perioqŁc pou e—nai �morfec. O bajmìc krustal-

likìthtac or—zetai wc to posostì tou ulikoÔ pou e—nai krustallikì, ep— tou sunìlou.

(aþ) Krustallik  perioq  se polumerŁc [2] (bþ) Krustallikì PLLA [7]

Sq ma 1.6: Krustallik� polumer 

1.2 Biodiasp‚mena ulik�

Tic teleuta—ec dekaet—ec poll� nŁa ulik� Łqoun arq—sei na qrhsimopoioÔntai. Meg�lo

mŁroc twn ulik‚n aut‚n  tan kai polumer , ta opo—a parousi�zoun an‚terec mhqanikŁc

kai jermikŁc idiìthtec. E—nai anjektik�, fjhn� kai antŁqoun sto qrìno. ’Opwc Łqoume

 dh dei, mpore— na e—nai tìso sunjetik�, ìso kai fusik� kai oi idiìthtŁc touc na poik—loun

an�loga me th qhmik  touc sÔstash.

Wstìso, ta teleuta—a qrìnia o periballontikìc ant—ktupoc apì thn upŁrmetrh qr sh

orismŁnwn ulik‚n �rqise na g—netai fanerìc [8], [9]. Autì  tan mia apì thc kinht riec

dun�meic p—sw apì th melŁth kai thn an�ptuxh biodiasp‚menwn   bioapoikodom simwn

ulik‚n. Ulik‚n dhlad , pou mporoÔn na diaspastoÔn sto perib�llon se sÔntomo qroni-

kì di�sthma. Autì Łrqetai se ant—jesh me poll� sumbatik� plastik�, ta opo—a mporoÔn

na parame—noun sth sqedìn arqik  touc morf  gia arketŁc ekatont�dec qrìnia. BŁbaia,

ìpwc ja doÔme sth sunŁqeia, tŁtoia ulik� Łqoun pollŁc �llec efarmogŁc, ìpwc gia

par�deigma iatrikŁc efarmogŁc oi opo—ec apaitoÔn biosumbatìthta.
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Shmantikì ìmwc e—nai kai to gegonìc ìti, gia na mporŁsoun ta biodiasp‚mena ulik�

na antikatast soun ta sumbatik�, prŁpei ìqi mìno na Łqoun parìmoiec idiìthtec kai

leitourgikìthta, all� kai prŁpei na e—nai oikonomik� kai eÔkola sthn paragwg  [9].

E�n jŁloume na epikentrwjoÔme sthn ep—drash twn biodiasp‚menwn ulik‚n sto pe-

rib�llon, prŁpei na epikentrwjoÔme ìqi mìno sth sumperifor� touc met� th qr sh, all�

kai sth proŁleush kai paragwg  touc. ’Eqoume anafŁrei ìti biodiasp‚mena ulik� mpore—

na e—nai e—te fusik� e—te sunjetik�. M�lista, poll� apì ta sunjetik� ulik� mporoÔn na

proŁrqontai apì orukt� kaÔsima, gegonìc pou ta kajist� ligìtero elkustik�.

Sthn om�da twn fusik‚n biodiasp‚menwn ulik‚n Łqoume ulik� ta opo—a pollŁc

forŁc proŁrqontai apì futikŁc pr‚tec Ôlec, ìpwc to �mulo, all� kai zwikŁc ìpwc to

kollagìno. Shmantikì e—nai ìti autŁc oi pr‚tec Ôlec e—nai anane‚simec, qwr—c bŁbaia

autì na shma—nei ìti h ep—drash touc sto perib�llon e—nai apara—thta mikr  [10].

Sq ma 1.7: KÔkloc zw c biodiasp‚menwn ulik‚n [11]

Sto Sq ma 1.7 mporoÔme na doÔme ton kÔklo zw c gia poll� biodiasp‚mena ulik�.

Xekin‚ntac apì anane‚simec pr‚tec Ôlec, par�goume proðìnta ta opo—a met� th qr sh

touc aporr—ptontai kai sugkentr‚nontai gia kompostopo—hsh (apoikodìmhsh organik‚n

ul‚n [12]). Eke—, biodiasp‚ntai se nerì, biom�za kai dioxe—dio tou �njraka. TŁloc,

me di�forec biologikŁc diadikas—ec, ìpwc th fwtosÔnjesh, Łqoume th dhmiourg—a nŁwn

fut‚n kai th sunŁqish tou kÔklou.
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Dustuq‚c ìmwc, merikŁc forŁc, h biodi�spash sugqŁetai me thn allo—wsh   thn

ap‚leia akeraiìthtac [13]. Gia autìn ton lìgo, e—nai shmantikì na exhg soume ti enno-

oÔme ìtan anaferìmaste se biodiasp‚mena ulik�.

1.2.1 Orismìc

To 1992 organ‚jhke mia diejn c sun�nthsh h opo—a wc skopì e—qe na fŁrei kont�

eidikoÔc apì ìlo ton kìsmo, prokeimŁnou na katal xoun se orismoÔc, prìtupa all� kai

dokimastikŁc mejodolog—ec gia ta biodiasp‚mena ulik� [14].

Apì tic apof�seic touc sth sun�nthsh aut  xeqwr—zoun ta ex c kÔria shme—a:

• Gia ìlec tic praktikŁc efarmogŁc, Łna ulikì to opo—o kataskeu�zetai wc �biodia-

sp‚meno� prŁpei na Łqei sugkekrimŁno trìpo apìrriyhc, ìpwc gia par�deigma thn

kompostopo—hsh.

• O rujmìc apokoidìmishc tou ulikoÔ prŁpei na sumfwne— me th mŁjodo apìrriyhc,

Łtsi ‚ste h suss‚reush tou na mpore— na e—nai elegqìmenh.

• Ta telik� proðìnta thc aerobik c biodi�spashc prŁpei na e—nai dioxe—dio tou �n-

jraka, nerì kai metallik� stoiqe—a. Ta endi�mesa proðìnta prŁpei na periŁqoun

biom�za kai qoumikŁc ous—ec.

• Ta ulik� prŁpei na mporoÔn na biodiaspastoÔn me asf�leia.

Organismo—, ìpwc h Eurwpaðk  Epitrop  Tupopo—hshc (European Committee for

Standardisation), o Diejn c Organismìc Tupopo—hshc (ISO) kai h Amerikanik  Amer-

ican Society for Testing and Materials (ASTM), Łqoun anaptÔxei di�fora prìtupa gia

ton qarakthrismì tŁtoiwn ulik‚n.

1.2.2 Kathgor—ec

Ta biodiasp‚mena polumer  mporoÔn na qwristoÔn se kathgor—ec, an�loga me tic pr‚tec

Ôlec apì tic opo—ec proŁrqontai kai th diadikas—a paragwg c touc. ’Eqome e—dh anafer-

je— se fusik� kai sunjetik� biodiasp‚mena polumer .
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Fusik�

Ta ulik� aut� sunt—jentai sto fusikì perib�llon kat� th di�rkeia thc an�ptuxhc di-

�forwn organism‚n. Gia ekatont�dec qrìnia aut� ta ulik� Łqoun qrhsimopoihje— se

p�ra pollŁc efarmogŁc, ìpwc se uf�smata, —nec kai r�mmata.

Lìgw thc fusik c touc proŁleushc aut� ta fusik� ulik� mporoÔn na e—nai biosumba-

t� me ton �njrwpo. ’Etsi, br—skoun efarmogŁc sthn iatrik  kai th farmakeutik . ’Oson

afor� th di�spas  touc, aut  mpore— na g—nei e—te enzumatik�, e—te mŁsw udrìlushc [15].

Ta kuriìtera fusik� biodiasp‚mena polumer  e—nai [16]:

• BasismŁna se Polusakqar—dec

� ’Amulo

� Kuttar—nh

� Qut—nh

• BasismŁna se Prwteònec

� Leukwmat—nh

� Kollagìno

� Zelat—nh

� Met�xi

• Mikrobiako— PoluestŁrec

Sunjetik�

Sunjetik� onom�zoume ta biodiasp‚mena polumer  ta opo—a den br—skontai sth fÔsh,

all� par�gontai apì ton �njrwpo mŁsw diafìrwn diadikasi‚n. ’Ena apì ta kÔria pleo-

nekt mata twn ulik‚n aut‚n e—nai ìti Łqoume th dunatìthta na elŁgxoume tic idiìthtec

touc. MporoÔme ep—shc na kajor—soume to ep—pedo paragwg c kai merik� apì aut� na

ta par�goume me sqetik� qamhlì kìstoc.

Shmantikìc e—nai o diaqwrismìc twn sunjetik‚n ulik‚n an�loga me tic pr‚tec Ôlec

pou qrhsimopoioÔme:
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• Anane‚simec pr‚tec Ôlec: H ep—drash twn ulik‚n aut‚n sto perib�llon

e—nai sqetik� mikr , afoÔ par�gontai apì anex�ntlhtec, �kajarŁc� pr‚tec Ôlec kai

biodiasp‚ntai pl rwc. Parade—gmata: PLA, PGA, PLGA.

• PetroqhmikŁc pr‚tec Ôlec: An kai aut� ta ulik� biodiasp‚ntai pl rwc,

oi pr‚tec touc Ôlec den e—nai anane‚simec kai h diadikas—a paragwg c mpore— na

epibarÔnei perissìtero to perib�llon. Parade—gmata: PVA, PCL, AAC [11].

Sq ma 1.8: Kathgor—ec biodiasp‚menwn polumer‚n [15].

1.2.3 EfarmogŁc

Ta biodiasp‚mena polumer  mporoÔn kai Łqoun antikatast sei ta sumbatik� ulik� se

pollŁc efarmogŁc. ’Iswc o pio shmantikìc tomŁac ston opo—o arqik� br kan qr sh  tan

autìc thc iatrik c. Par�gontec pou sunŁteinan se autì  tan tìso oi apait seic apì ta

ulik� ìso kai to sqetik� uyhlì kìstoc.

Kaj‚c h dunatìthta paragwg c auxanìtan, kai to kìstoc meiwnìtan, ta biodia-

sp‚mena polumer  �rqisan na qrhsimopoioÔntai se polloÔc tome—c thc kajhmerin c mac

zw c. Endeiktik�, merikŁc apì tic efarmogŁc e—nai [17]:
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• Suskeuas—ec proðìntwn kai trof—mwn

• SakoÔlec aporrimm�twn / metafor�c

• Rouqismìc kai uf�smata

• Kataskeuastikìc tomŁac

• Biomhqan—a

• Doqe—a faghtoÔ / maqairop—rouna

• Iatrik� emfuteÔmata

• Qeirourgik  apokat�stash (p.q. r�mmata)

• All� iatrik� ulik� (p.q. ep—desmoi)

(aþ) Biodiasp‚mena proðìnta sthn kajhmerin 

zw 

(bþ) Iatrik� emfuteÔmata [18]

Sq ma 1.9: EfarmogŁc biodiasp‚menwn polumer‚n
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1.2.4 Meionekt mata

Ta biodiasp‚mena polumer  Łqoun men pollŁc prooptikŁc se p�ra polloÔc tome—c, par’

ìla aut� den apoteloÔn lÔsh se ìla mac ta probl mata kai h qr sh touc prŁpei na

g—netai prosektik� [10]. Oi k—ndunoi tìso gia to perib�llon ìso kai gia thn oikonom—a

e—nai uparkto— kai proŁrqontai apì di�forouc par�gontec.

Arqik� e—nai shmantikì na lamb�noume up’ ìyin ìti merik� apì ta biodiasp‚mena po-

lumer  den proŁrqontai apì anane‚simec phgŁc. Sthn per—ptwsh pou ta ulik� e—nai

proðìnta petroqhmik‚n diadikasi‚n prŁpei na prosŁxoume th sumbol  thc diadikas—ac

paragwg c sto fainìmeno tou jermokhp—ou. Ep—shc, akìma kai an Łna ulikì proŁr-

qetai apì anane‚simec phgŁc, e—nai pijanìn �lla paraproðìnta pou sqet—zontai me th

diadikas—a paragwg c na e—nai blaber� gia to perib�llon.

Akìma, den prŁpei na xeqn�me ìti h di�spash twn ulik‚n aut‚n de g—netai stigmia—a

all� se b�joc qrìnou. ’Etsi, sthn per—ptwsh pou katal xoun se jal�ssiouc   kai

qersa—ouc biìtopouc mporoÔn na Łqoun arnhtikì ant—ktupo sthn pan—da. Shmantikì

e—nai ep—shc kai to gegonìc ìti orismŁna ulik�, gia par�deigma aut� proŁrqontai apì

�mulo, mporoÔn na suntelŁsoun ston eutrofismì.

EpiprosjŁtwc, poll� apì ta trŁqonta sust mata diaqe—rishc apobl twn kai kompo-

stopo—hshc e—nai anepark  kai den mporoÔn na diaqeiristoÔn meg�lo ìgko ulik‚n. ’Etsi,

pollŁc forŁc ta ulik� af nontai na apeleujer‚noun aŁria, ìpwc to mej�nio, kat� th

di�spas  touc. To mej�nio e—nai kai autì Łna apì ta aŁria pou suntele— sto fainìmeno

tou jermokhp—ou.

Katalhktik�, e—nai polÔ shmantikì na up�rqei an�logh enhmŁrwsh apì touc armìdiou

fore—c, Łtsi ‚ste ta biodiasp‚mena ulik� na mhn antimetwp—zontai wc pan�keia, all� na

qrhsimopoioÔntai eusune—dhta. Mpore— na e—nai men Łna polÔ dunatì ìplo ston ag‚na

mac gia to perib�llon, all� den prŁpei na odhgoÔn se upŁrmetro efhsuqasmì.

1.3 Polugalaktikì OxÔ (PLA)

’Ena apì ta pio gnwst� biodiasp‚mena polumer  e—nai to polugalaktikì oxÔ (Poly Lactic

Acid, PLA). E—nai Łnac biodiasp‚menoc kai biodrastikìc jermoplastikìc aleifatikìc

poluestŁrac [19]. E—nai sunjetikì polumerŁc, afoÔ den apant�tai autoÔsio sth fÔsh.

ProŁrqetai apì anane‚simec p gec, afoÔ e—nai par�gwgo tou amÔlou. Gia thn paragwg 

tou qrhsimopoie—tai kur—wc �mulo kalampokioÔ. Sthn pragmatikìthta proŁrqetai apì to
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galaktikì oxÔ, to opo—o periŁqetai sto �mulo.

Ax—zei na shmeiwje— ìti h onomas—a polugalaktikì oxÔ de sumfwne— me thn tupik 

onomatolog—a thc IUPAC, afoÔ to PLA den e—nai poluoxÔ, all� poluestŁrac [19]. To

PLA e—nai hmikrustallikì   �morfo, mpore— na kompostopoihje—, na krustallopoihje—

an jermanje— kai na enisquje—. ’Eqei kalŁc mhqanikŁc idiìthtec, kal  biosumbatìthta

kai qamhl  toxikìthta. Parousi�zei yhl  antoq  me meg�lo mŁtro elastikìthtac.

Lìgw twn idiot twn aut‚n, mpore— na qrhsimopoihje— se arketoÔc tome—c ìpwc sthn

iatrik  (iatrik� emfuteÔmata), se suskeuas—ec trof—mwn, plastikŁc sakoÔlec kai mpou-

k�lia, all� kai pio prìsfata wc pr‚th Ôlh se 3D ektupwtŁc.

’Iswc Łnac apì touc kÔriou lìgouc pou k�noun to PLA tìso elkustikì e—nai ìti dia-

jŁtei qarakthristik� ìpwc diaf�neia parìmoia me aut  tou PET, jermomìnwsh/ ste-

ganìthta, dunatìthta ektÔpwshc me ton  dh up�rqonta exoplismì, katergas—a mŁsw

koin‚n mejìdwn morfopo—hshc (qÔteush, ekbol  kai inopo—hsh) en‚ diasp�tai se di-

�sthma merik‚n mhn‚n me udrìlush akoloujoÔmenh apì kompostopo—hsh [11], [20].

1.3.1 SÔnjesh kai paragwg 

Se genikŁc grammŁc gia th sÔnjesh tou PLA Łqoume:

1. Zum‚seic twn sakq�rwn tou amÔlou par�goun arqik� laktikì oxÔ.

2. Diergas—ec polumerismoÔ me tic opo—ec par�getai to polugalaktikì oxÔ (Sq ma

1.10).

Sq ma 1.10: SÔnjesh tou PLA

Kat� th diadikas—a tou polumerismoÔ tou galaktikoÔ oxŁoc Łqoume th dhmiourg—a

tri‚n morf‚n polugalaktikoÔ oxŁoc, oi opo—ec e—nai isomere—c:

1. L-PLA
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2. D-PLA

3. LD-PLA (m—gma L-PLA kai D-PLA)

Ta L-PLA kai D-PLA e—nai optik� isomer  kai e—nai hmikrustallik�, stere� polume-

r . To L-PLA biodiasp�tai sqetik� arg� (2 qrìnia in vivo) kai udrolÔetai duskolìtera.

Apì thn �llh to D-PLA e—nai perissìtero udrìfilo kai �morfo. TŁloc to LD-PLA,

to opo—o e—nai ep—shc �morfo, diasp�tai pio gr gora. Gia to lìgo autì k�pote qrhsi-

mopoie—tai gia th metafor� farm�kwn ston organismì [11], [21].

Se biomhqanik  kl—maka to PLA par�getai mŁsw zum‚sewn twn sakq�rwn tou a-

mÔlou. Axioshme—wto e—nai ìti gia thn paragwg  1 kg PLA qrei�zontai per—pou 2:5 kg

kalampokioÔ.

1.3.2 Biodi�spash - kÔkloc zw c

To polugalaktikì oxÔ e—nai dunatì na diaspaste— tìso se zwntanoÔc organismoÔc (in

vivo) ìso kai sto perib�llon. Sto perib�llon arqik� h mon�da estŁra udrolÔetai, kai

sth sunŁqeia me th bo jeia mikroorganism‚n Łqoume kompostopo—hsh gia th di�spas 

tou se nerì kai dioxe—dio tou �njraka. Se jermokras—a yhlìterh twn 60 °C h di�spash

diarke— dÔo me treic m nec [22].

Genik�, o rujmìc di�spashc exart�tai apì to mŁgejoc thc alus—dac tou polumeroÔc

all� kai tic fusikŁc tou diast�seic. Se ugrì perib�llon, me th bo jeia mikroorgani-

sm‚n, diasp�tai se per—odo apì Łxi m nec, mŁqri kai pŁnte qrìnia. In vivo h di�spash

tou e—nai pio arg , afoÔ ìpwc Łqoume anafŁrei e—nai udrìfobo. O kÔkloc zw c tou PLA

sunoy—zetai sto Sq ma 1.11.

TŁloc, sto Sq ma 1.12 fa—netai to sÔmbolo pou up�rqei sta proðìnta pou periŁqoun

PLA. To sÔmbolo autì sunant�tai se arket� proðìnta (akrulikì, nylon, polukanjra-

kikì k.�.), afoÔ sumbol—zei thn kathgor—a �’Alla� (other).

1.3.3 Idiìthtec

To polugalaktikì oxÔ mpore— na Łqei e—te entel‚c �morfh morf , e—te na parousi�zei

krustallikìthta mŁqri kai 50%. Meriko— apì touc lìgouc pou to kajistoÔn idia—tera

dhmofilŁc e—nai h diaÔgeia kai h stilpnìtht� tou. Oi akribe—c idiìthtŁc tou exart‚ntai

apì thn optik  tou kajarìthta h opo—a ephre�zei ton bajmì krustallikìthtac, th jer-

mokras—a ual‚douc met�ptwshc, th jermokras—a t xhc, kaj‚c ep—shc kai thn puknìtht�
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Sq ma 1.11: KÔkloc zw c tou PLA [11]

Sq ma 1.12: SÔmbolo se proðìnta pou periŁqoun PLA
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tou. H sqŁsh twn idiot twn aut‚n me th morf  tou PLA parousi�zetai ston P—naka

1.1. ’Eqei udrìfobh sumperifor� kai parousi�zei steganìthta sto nerì kai tic liparŁc

ous—ec. Lìgw thc mikr c tou puknìthtac, to b�roc twn proðìntwn apì PLA paramŁnei

sqetik� qamhlì.

%L Tg=°C Tm=°C �Hf=J g�1
Puknìthta=g cm�3

100 60 184

98 61.5 176.2 56.4 1.2577

92.2 60.3 158.5 35.8 1.2601

87.5 58 ND ND
80 57.5 ND ND 1.2614

45 49.2 ND ND 1.2651

P—nakac 1.1: Idiìthtec PLA gia diaforetikŁc kajarìthtec (ND: ’Amorfo) [14]

MhqanikŁc Idiìthtec

Oi mhqanikŁc idiìthtec tou PLA exart‚ntai kat� kÔrio lìgo apì thn krustallikìtht�

tou kai to moriakì tou b�roc. Genik�, to mŁtro elastikìthtac tou parousi�zetai metaxÔ

2 kai 4 GPa, to ìrio diarro c metaxÔ 53 kai 70 MPa, en‚ h antoq  tou (se efelkusmì)

metaxÔ 44 kai 66 MPa [23]. Oi idiìthtec diaforetik‚n morf‚n PLA fa—nontai stouc

P—nakec 1.2 kai 1.3. TŁloc, idia—tero endiafŁron parousi�zei kai o P—nakac 1.4, ston

opo—o sugkr—nontai oi jermomhqanikŁc idiìthtec tou PLA me �lla polumer  ulik�.

Mh pros/smŁno PLA Pros/smŁno PLA

Antoq  se efelkusmì/MPa 47.6-53.1 47.6-166

T�sh diarro c/MPa 45.5-61.4

MŁtro elastikìthtac/GPa 3.45-4.00 3.89-4.14

Paramìrfwsh jraÔshc/% 3.1-5.8 15-160

P—nakac 1.2: MhqanikŁc idiìthtec prosanatolismŁnou kai mh PLA [15]
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L-PLA Annealed L-PLA D,L-PLA

Antoq  se efelkusmì/MPa 59 66 44

T�sh diarro c/MPa 70 70 53

MŁtro elastikìthtac/GPa 3.75 4.15 3.9

Paramìrfwsh jraÔshc/% 7 4 5.4

P—nakac 1.3: MhqanikŁc L-PLA, D,L-PLA [15]

Tg=°C Tm=°C
Antoq  se

efelkusmì

/ MPa

MŁtro

elastikìthtac

/ MPa

Paramìrfwsh

jraÔshc

/ %

LDPE -100 98-115 8-20 300-500 100-1000

PCL -60 59-64 4-28 390-470 700-1000

’Amulo - 110-115 35-80 600-850 580-820

PBAT -30 110-115 34-40 - 500-800

PTMAT -30 108-110 22 100 700

PS 70-115 100 34-50 2300-3300 1.2-2.5

Kuttar—nh - - 55-120 3000-5000 18-55

PLA 40-70 130-180 48-53 3500 30-240

PHB 0 140-180 25-40 3500 5-8

PHA -30-10 70-170 18-24 700-1800 3-25

PHB-PHV 0-30 100-190 25-30 600-1000 7-15

PVA 58-85 180-230 28-46 380-530 -

PET 73-80 245-265 48-72 200-4100 30-300

PGA 35-40 225-230 890 7000-8400 30

PEA -20 125-190 25 180-220 400

P—nakac 1.4: SÔgkrish PLA me �lla polumer  ulik� [24]
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1.3.4 EfarmogŁc

Sto pareljìn, oi efarmogŁc tou PLA perior—zontac kur—wc ston tomŁa thc iatrik c.

Wstìso, ta teleuta—a qrìnia blŁpoume ìlo kai perissìterec efarmogŁc, se ìlo kai

perissìterouc tome—c thc kajhmerin c zw c. Sunoptik�, merikŁc apì tic efarmogŁc tou

PLA e—nai:

• Sthn iatrik :

� Metafor� farm�kwn ston organismì

� R�mmata

� Stents (aggeioplastik )

• Suskeuas—ec trof—mwn kai membr�nec

• Uf�smata

• SakoÔlec aporrimm�twn kai kajhmerin c qr shc

• Suskeuas—ec faghtoÔ kai maqairop—rouna

• EfarmogŁc sth gewrg—a

• Mìnwsh kalwd—wn

• Oikodomik� ulik� (k�pote wc upokat�stato tou PVC)

• KÔrio ulikì pou qrhsimopoioÔn oi ektupwtŁc 3D

1.4 SÔnjeta Ulik�

SÔnjeto (composite) onom�zetai Łna ulikì to opo—o apotele—tai apì dÔo   kai peris-

sìtera, ulik�   f�seic. M�lista, ta sÔnjeta ulik� Łqoun diaforetikŁc idiìthtec apì

ta sunjetik� touc, ta opo—a kai aut� Łqoun diaforetikŁc idiìthtec metaxÔ touc. K�je

omogenŁc tm ma enìc sÔnjetou ulikoÔ onom�zetai f�sh tou ulikoÔ. F�seic oi opo—ec

e—nai suneqe—c onom�zontai m trec, en‚ oi asuneqe—c f�seic onom�zontai egkle—smata.

Oi lìgoi pou Łqoun melethje— kai anaptuqje— ta sÔnjeta ulik� e—nai poluplhje—c.

Idia—tera shmantikì e—nai ìti parousi�zoun beltiwmŁnec mhqanikŁc idiìthtec apì ta ulik�
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pou ta apoteloÔn. Gia par�deigma mpore— na e—nai ligìtero eÔkampta, na Łqoun uyhlìte-

rh sklhrìthta, antoq  se uyhlŁc jermokras—ec kai fusik    qhmik  stajerìthta.

Sun jwc, ta sÔnjeta ulik� taxinomoÔntai e—te b�sei tou e—douc thc m trac, e—te

b�sei tou e—douc twn egkleism�twn. Gia par�deigma, Łqoume ulik� me m tra polumerik ,

metallik , keramik  k.�. H taxinìmhsh b�sei twn egkleism�twn g—netai sun jwc se

kokk‚dh, in‚dh kai strwmatik� (Sq ma 1.13).

Sq ma 1.13: Taxinìmhsh sÔnjetwn ulik‚n b�sei egkleism�twn [25]

1.4.1 NanosÔnjeta

SÔnjeta ulik� sta opo—a to mŁgejoc twn egkleism�twn e—nai thc t�xhc tou nanomŁtrou

onom�zontai nanosÔnjeta (1 nm = 10�9m). To polÔ mikrì mŁgejoc twn egkleism�twn

mpore— na belti‚sei akìmh perissìtero tic idiìthtec enìc ulikoÔ. Qarakthristikì pa-

r�deigma e—nai h prosj kh nanoswl nwn �njraka se ulik� polumerik c m trac. H

prosj kh aut  Łqei wc apotŁlesma thn en—sqush poll‚n fusik‚n idiot twn tou u-

likoÔ, ìpwc thc akamy—ac [26]. Sthn paroÔsa ergas—a ja melet soume nanosÔnjeta

ulik� me polumerik  m tra (PLA) kai di�fora egkle—smata: Nanoònec �njraka (CNFs),

nanoswl nec �njraka (CNTs) kai oxe—dio tou grafen—ou (GO).

1.4.2 Nanoswl nec ’Anjraka (CNT)

Oi nanoswl nec �njraka e—nai ousiastik� Łna grafitikì ep—pedo tuligmŁno se sq ma

kul—ndrou [27]. To kulindrikì autì tm ma apotele—tai apì Łna exagwnikì plŁgma. H

akrib c moriak  dom  twn nanoswl nwn �njraka kajor—zei kai tic telikŁc idiìthtec tou

ulikoÔ.
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Me b�sh th legìmenh gwn—a qeiromorf—ac (�, Sq ma 1.14), mporoÔme na xeqwr—soume

treic morfŁc nanoswl nwn �njraka:

1. � = 0°: zig-zag

2. � = 30°: armchair

3. � 6= 0° ^ � 6= 30°: chiral

Sq ma 1.14: H gwn—a � stouc nanoswl nec �njraka [28]

MhqanikŁc idiìthtec

Oi nanoswl nec �njraka, an kai Łqoun mikrìterh puknìthta apì poll� mŁtalla, parou-

si�zoun uyhl  antoq  (� 100 � 130 GPa) kai meg�lo mŁtro elastikìthtac (� 1 TPa)

[30]. Endeiktik  sÔgkrish twn idiot twn twn nanoswl nwn �njraka fa—netai ston P—na-

ka 1.5.

1.4.3 Nanoònec ’Anjraka (CNF)

Oi nanoònec �njraka antiproswpeÔoun mia axioshme—wth kathgor—a dom‚n �njraka kai

sqet—zontai sten� me touc nanoswl nec �njraka, ìso afor� th dom  all� kai tic i-

diìthtŁc touc [31]. H pio sun jhc morf  touc e—nai kulindrik  kai apeikon—zetai sto

Sq ma 1.16. Onom�zetai dom  �yarokìkalo�   dom  �kollhmŁnec koÔpec�. Ta toiq‚mat�

thc apoteloÔntai apì grafitik� plŁgmata upì gwn—a.
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Sq ma 1.15: MorfŁc nanoswl nwn �njraka [29]

P—nakac 1.5: SÔgkrish idiot twn nanoswl nwn �njraka [30]
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Oi nanoònec mporoÔn na dhmiourghjoÔn apì di�forec phgŁc �njraka, h kajem—a a-

pì tic opo—ec prokale— diaforetik  morfolog—a sth diatom  twn paragomŁnwn in‚n. O

protimhtŁoc prosanatolismìc twn grafitik‚n epipŁdwn e—nai o par�llhloc ston �xona

thc —nac, diìti Łtsi mporoÔme na megistopoi soume th mhqanik  thc antoq . Paraskeu-

�zontai sun jwc apì mia katalutik  diadikas—a basismŁnh se nanoswmat—dia (diamŁtrou

� 10 nm) ta opo—a Łqoun uperkoreste— me �njraka apì thn purìlush enìc udrogon�n-

jraka per—pou stouc 1050 °C.

MhqanikŁc Idiìthtec

H di�metrìc twn nanoònwn �njraka sun jwc kuma—netai apì 10 Łwc 100 nm [32]. Axiosh-

me—wto e—nai ìti h antoq  touc mpore— na ft�sei ta 8:7 GPa, en‚ to mŁtro elastikìthtac

touc ta 600 GPa [33].

Sq ma 1.16: Nanoònec �njraka kai sÔgkrish me �llec morfŁc [34]

1.4.4 Oxe—dio tou grafen—ou (Graphene Oxide, GO)

To oxe—dio tou grafen—ou e—nai Łna 2-D ulikì to opo—o proŁrqetai apì thn eisagwg 

di�forwn leitourgik‚n om�dwn oxugìnou sthn epif�neia tou grafen—ou. AutŁc oi om�dec

all�zoun tic idiìthtec tou ulikoÔ, lìgw thc allag c thc ubridismŁnhc kat�stashc tou

(apì sp2
se sp3

) [35], [36]. Ep—shc, ax—zei na shmeiwje— ìti se ant—jesh me to grafŁnio,

to oxe—dio tou grafen—ou parousi�zei uyhl  udrofilikìthta. Shmantikì e—nai ep—shc to
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gegonìc ìti h paragwg  tou oxeid—ou tou grafen—ou se meg�lec posìthtec e—nai sqetik�

eÔkolh [37].

An kai h akrib c qhmik  dom  tou oxeid—ou to grafen—ou e—nai diforoÔmenh, dÔo

montŁla Łqoun epikrat sei, autì twn Lerf-Klinowski [38] kai autì twn Sz�abo-D�ek�any

[39].

(aþ) MontŁlo Lerf-Klinowski (bþ) MontŁlo Sz�abo-D�ek�any

Sq ma 1.17: Qhmik  dom  oxeid—ou tou grafen—ou [35]

MhqanikŁc idiìthtec

Lìgw thc Ôparxhc twn om�dwn oxugìnou oi mhqanikŁc idiìthtec tou oxeid—ou tou gra-

fen—ou e—nai upodeŁsterec apì autŁc tou aploÔ grafen—ou. Par’ ìla aut�, lìgw thc

eukol—ac sthn paragwg  tou e—nai upoy fio gia qr sh wc enisqutikì se sÔnjeta ulik�.

To mŁtro elastikìthtac tou kuma—netai sun jwc apì 6 wc 42 GPa. Wstìso, ìtan to

p�qoc tou e—nai polÔ mikrì, to mŁtro elastikìthtac mpore— na ft�sei kai na xeper�sei ta

200 GPa [40]. Apì thn �llh, h antoq  tou fa—netai na e—nai sqetik� qamhl , ft�nontac

per—pou ta 120 MPa [41].

1.5 MhqanikŁc idiìthtec ulik‚n

Gia na mporŁsoume na katano soume aut� pou ja exet�soume sto peiramatikì mŁroc ja

exet�soume pr‚ta merikŁc apì tic basikŁc Łnnoiec thc peiramatik c melŁthc thc antoq c

twn ulik‚n.
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1.5.1 T�sh (stress)

M—a apì tic Łnnoiec pou sunantoÔme pio suqn� e—nai aut  thc t�shc (stress). H t�sh, h

opo—a sumbol—zetai me �, or—zetai apì th dÔnamh pou aske—tai se Łna fort—o (F ) kai th

diatom  tou (A). ’Eqoume:

� =
F

A
(1.1)

me mon�da mŁtrhshc sto SI ta Pascal (Pa) [42].

1.5.2 Paramìrfwsh (strain)

M—a �llh qr simh Łnnoia e—nai aut  thc paramìrfwshc ("). Den e—nai t—pota �llo apì

th metabol  sto m koc tou dokim—ou (�l) se sqŁsh me to arqikì m koc l0. ’Eqoume:

" =
�l

l0
(1.2)

’Opwc blŁpoume h paramìrfwsh den Łqei mon�dec mŁtrhshc. PollŁc forŁc ekfr�zetai

wc posostì % [42].

1.5.3 MŁtro elastikìthtac Young (Young’s modulus)

To mŁtro elastikìthtac Young (E) ekfr�zei thn paramìrfwsh enìc monodi�statou

s‚matoc. To mŁtro elastikìthtac Young isoÔtai me thn t�sh pou efarmìzetai sto

s‚ma kai to paramorf‚nei kat� m koc proc thn metabol  tou m kouc tou [43]:

E =
�

"
(1.3)

1.5.4 Di�gramma t�shc - paramìrfwshc

’Ena apì ta ergale—a pou Łqoume gia thn exagwg  plhrofori‚n apì peir�mata efelku-

smoÔ e—nai to di�gramma t�shc - paramìrfwshc. Apì ta diagr�mmata aut� mporoÔme na

exag�goume pollŁc plhrofor—ec gia tic mhqanikŁc idiìthtec enìc dokim—ou. ’Ena tupikì

di�gramma t�shc paramìrfwshc fa—netai sto Sq ma 1.18.

Melet‚ntac to sq ma mporoÔme na diakr—noume sugkekrimŁnec perioqŁc, tic opo—ec

kai ja analÔsoume pio k�tw [46].
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Sq ma 1.18: Tupikì di�gramma t�shc - paramìrfwshc [44], [45]

Grammik  elastik  perioq 

Aut  e—nai h pr‚th perioq , sthn opo—a h paramìrfwsh aux�netai grammik� me thn

t�sh. ’Ena ulikì pou br—sketai sthn perioq  aut  parousi�zei elastik  paramìrfwsh,

upakoÔei dhlad  sto nìmo tou Hooke. To mŁtro elastikìthtac tou Young to opo—o

anafŁrame pio prin e—nai akrib‚c h kl—shc thc euje—ac sthn elastik  perioq .

Mh grammik  elastik  perioq 

Sth perioq  aut  h gramm  arq—zei na metatrŁpetai apì euje—a se kampÔlh. H perioq 

aut  suneq—zei mŁqri kai to mŁgisto thc kampÔlhc, to opo—o onom�zetai shme—o diarro c

(Yield point, Ultimate strength).

Plastik  perioq 

Sth sunŁqeia ft�noume sthn plastik  perioq . Se aut n thn perioq  blŁpoume ìti h

t�sh paramŁnei sqedìn stajer , all� Łqoume Łntonh paramìrfwsh. Me th sunŁqeia

thc paramìrfwshc ft�noume telik� sto shme—o jraÔshc. H t�sh sto shme—o jraÔshc

onom�zetai t�sh jraÔshc kai h paramìrfwsh onom�zetai paramìrfwsh jraÔshc.
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1.5.5 Erpusmìc (creep)

Kat� ton erpusmì aske—tai se Łna dok—mio m—a stajer  t�sh kai melet�tai h metabol 

thc paramìrfwshc me ton qrìno [47]. Gia par�deigma, sthn per—ptwsh tou efelkusmoÔ,

m—a dokìc arqikoÔ m kouc L0, krem�tai katakìrufa, sugkratoÔmenh stajer� apì to

p�nw �kro tou. Sto k�tw �kro Łqoume stajerì b�roc F kai parathroÔme to m koc L

thc dokoÔ (Sq ma 1.19).

MporoÔme na sqhmat—soume thn kampÔlh tou erpusmoÔ, h opo—a e—nai h kampÔlh thc

paramìrfwshc

"(t) =
L� L0

L0

se sqŁsh me ton qrìno t. Sthn pr�xh, tic perissìterec forŁc Łqoume grafikŁc para-

st�seic tou lìgou

J(t) =
"(t)

�
(1.4)

wc proc ton qrìno. O lìgoc autìc onom�zetai endotikìthta (compliance). XŁroume

ep—shc ìti gia poll� plastik� kai gia sqetik� qamhl� fort—a h endotikìthta e—nai ane-

x�rthth thc epiballìmenhc t�shc kai Łqoume mia monadik  kampÔlh thc endotikìthtac

wc proc to qrìno [47]. Par’ ìla aut�, ìtan to fort—o aux�netai polÔ h endotikìthta

exart�tai kai aut  apì to fort—o.

E—nai shmantikì na parathr soume ìti Łna ulikì, to opo—o parousi�zei meg�lo erpu-

smìc den e—nai kat�llhlo gia efarmogŁc oi opo—ec apaitoÔn (diastatik ) stajerìthta.

Akìma kai ìtan Łqome mikrì erpusmì, h ekt—mhsh kai melŁth tou e—nai apara—thth gia

thn epilog  kai ton sqediasmì twn ulik‚n.

Sq ma 1.19: Peiramatik  melŁth erpusmoÔ [48]

30



Kef�laio 1. Jewrhtikì Upìbajro

Grafik  par�stash erpusmoÔ

Sto Sq ma 1.20 mporoÔme na doÔme m—a tupik  kampÔlh erpusmoÔ. ’Opwc kai h kampÔlh

t�shc paramìrfwshc, Łtsi kai h kampÔlh tou erpusmoÔ mpore— na qwriste— se epimŁrouc

tm mata.

Sq ma 1.20: Tupik  kampÔlh erpusmoÔ [49]

Aut� e—nai ta ex c [50]:

• Arqik  elastik  apìkrish: Me th stigmia—a dr�sh tou fort—ou Łqoume mia

akaria—a elastik  paramìrfwsh, Łstw "e.

• Prwtogen c erpusmìc: Sthn perioq  aut  Łqoume mia suneq  me—wsh tou

rujmoÔ thc paramìrfwshc. ’Otan h sunolik  paramìrfwsh e—nai meg�lh (pe—rama

meg�lhc qronik c di�rkeiac), h sunolik  suneisfor� thc perioq c aut c sthn

paramìrfwsh jewre—tai amelhtŁa.

• Deuterogen c erpusmìc: O rujmìc tou erpusmoÔ sthn perioq  aut  para-

mŁnei sqedìn stajerìc (grammik  sqŁsh " kai t).

• Tritogen c erpusmìc: Kat� ton tritogen  erpusmì o rujmìc tou erpusmoÔ

aux�netai mŁqric ìtou Łqoume astoq—a tou ulikoÔ.

’Eqoume ìti:

"(t) = "e + "p + "c(t) (1.5)

31



Kef�laio 1. Jewrhtikì Upìbajro

To "p e—nai kai autì mŁroc thc stigmia—ac paramìrfwshc kai mporoÔme na to doÔme

sto Sq ma 1.21. Ekfr�zei de thn plastik  paramìrfwsh tou ulikoÔ. TŁloc, "c(t) e—nai

h olik  paramìrfwsh lìgw tou prwtogenoÔc kai deuterogenoÔc erpusmoÔ (se qrìno

t).

Sq ma 1.21: KampÔlh erpusmoÔ me shmei‚seic [50]

Ax—zei na shmei‚soume ìti gia ta peir�mata erpusmoÔ ta apotelŁsmata exart‚ntai

kai apì th jermokras—a.

An�kthsh erpusmoÔ (Creep Recovery)

An t‚ra afairŁsoume to fort—o se qrìno t1 tìte anaktoÔme ìlh thn elastik  para-

mìrfwsh stigmia—a (Sq ma 1.21). Sth sunŁqeia, Łqoume ìti h paramìrfwsh apotele—tai

apì thn paramìrfwsh pou mpore— na anakthje— "rc kai aut n pou den mpore— "pc [50].

1.6 Ixwdoelastik� montŁla

Up�rqoun di�fora ixwdoelastik� montŁla ta opo—a qrhsimopoioÔntai gia na perigr�youn

Łna ulikì. Gia na mporŁsoume na melet soume merik� apì aut�, ja asqolhjoÔme pr‚ta

me ta basik� touc domik� stoiqe—a.
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1.6.1 Domik� stoiqe—a

Ta montŁla me ta opo—a ja asqolhjoÔme apoteloÔntai apì dÔo basik� domik� stoiqe—a

ta opo—a perigr�fontai pio k�tw.

Elat rio

’Otan efarmìzoume mia dÔnamh F , to m koc tou elathr—ou aux�netai kat� m—a posìthta

�x (Sq ma 1.22aþ). ’Otan h dÔnamh afaireje—, tìte to elat rio epistrŁfei sthn arqik 

tou jŁsh. ’Ena tŁtoio elat rio akolouje— to nìmo tou Hooke [51], dhlad :

9k : F = k�x (1.6)

IsodÔnama, mporoÔme na poÔme ìti:

� = E" (1.7)

ìpou E e—nai to mŁtro elastikìthtac tou Young.

Aporrofht rac

JewroÔme t‚ra Łnan aporrofht ra ìpwc autìc fa—netai sto Sq ma 1.22bþ. Fusik� o

aporrofht rac autìc mpore— na apotele—tai apì Łna Łmbolo mŁsa se Łnan kÔlindro o

opo—oc e—nai gem�toc me Łna neut‚neio ix‚dec ugrì [50]. Gia na metakinhje— to Łmbolo

qrei�zetai m—a dÔnamh F . ’Oso megalÔterh e—nai h F tìso grhgorìtera kine—tai to

Łmbolo. ’Eqoume ìti:

F = k
dx

dt
(1.8)

kai isodÔnama:

� = �
d"

dt
(1.9)
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(aþ) Elat rio kai nìmoc tou Hooke (bþ) Aporrofht rac [52]

Sq ma 1.22: Basik� stoiqe—a ixwdoelastik‚n montŁlwn.

1.6.2 Apl� montŁla

Qrhsimopoi‚ntac elat ria kai aporrofht rec mporoÔme na �qt—soume� dÔo apl� montŁla:

MontŁlo tou Maxwell

’Ena elat rio kai Łnac aporrofht rac (Łmbolo) se seir� (Sq ma 1.23aþ).

(aþ) Di�taxh montŁlou Maxwell [53] (bþ) Gr�fhma montŁlou Maxwell [50], [54]

Sq ma 1.23: To montŁlo tou Maxwell

AfoÔ to elat rio (s) kai o aporrofht rac (d) e—nai enwmŁna se seir�, prŁpei na

isqÔoun oi sqŁseic:
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� = �d = �s (1.10)

kai

" = "d + "s (1.11)

Ep—shc, gia to elat rio Łqoume:

�s = "sE (1.12)

En‚ gia ton aporrofht ra:

"d =
�d
�

(1.13)

An t‚ra paragwg—soume thn Ex—swsh 1.11 wc proc ton qrìno, prokÔptei:

_" = _"d + _"s (1.14)

Sundu�zontac tic pio p�nw sqŁseic (1.7, 1.9, 1.14, 1.10) pa—rnoume:

_" =
_�

E
+
�

�
(1.15)

MontŁlo tou Kelvin

’Ena elat rio kai Łna Łmbolo (ixwdomeiwt rac) par�llhla (Sq ma 1.24aþ).

AfoÔ to elat rio (s) kai o aporrofht rac (d) e—nai enwmŁna par�llhla, prŁpei na

isqÔoun oi sqŁseic:

" = "s = "d (1.16)

kai

� = �s + �d (1.17)

Me diadikas—a ìmoia me aut  pou qrhsimopoi same sto montŁlo tou Maxwell, kata-

l goume sth sqŁsh:

� = E"+ � _" (1.18)
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(aþ) Di�taxh montŁlou Kelvin [53] (bþ) Gr�fhma montŁlou Kelvin [50], [54]

Sq ma 1.24: To montŁlo tou Kelvin

1.6.3 Apl� montŁla se peir�mata erpusmoÔ

Se Łna pe—rama erpusmoÔ Łqoume thn akaria—a epibol  t�shc (�0) kat� th qronik  stigm 

t = t0. MporoÔme na ekfr�soume thn t�sh wc sun�rthsh tou qrìnou, me th bo jeia

m—ac sun�rthshc b matoc:

u(t� t0) =

8>>><>>>:
1 t > t0

1
2

t = t0

0 t < t0

(1.19)

kai �ra

�(t) = �0u(t) (1.20)

Antikajist‚ntac thn 1.20 sthn 1.15, gia to montŁlo tou Maxwell, Łqoume:

" =
�0

E

du(t)

dt
+
�0

�
u(t) =

�0

E
�(t) +

�0

�
u(t) (1.21)

ìpou �(t) h sun�rthsh dŁlta.
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Me olokl rwsh thc Ex—swshc 1.21 ft�noume sthn:

"(t) = �0

�
1

E
+

1

�

�
u(t) (1.22)

’Opwc blŁpoume kai apì to Sq ma 1.23bþ, th qronik  stigm  t = 0, to ulikì sumpe-

rifŁretai san elastik� stereì kai parousi�zei paramìrfwsh
�0

E
. Kaj‚c t ! 1, to

ulikì prosegg—zei th sumperifor� ix‚douc ugroÔ [50].

Ant—stoiqa, gia to montŁlo tou Kelvin, an antikatast soume thn Ex—swsh 1.20 sthn

Ex—swsh 1.18, Łqoume:

"+
E

�
" =

�0

�
u(t) (1.23)

Gia na lÔsoume th diaforik  ex—swsh 1.23 th gr�foume wc ex c:

exp

�
�E
�
t

� d
�
" exp

�
E
�

�
t
�

dt
=
�0

�
u(t) (1.24)

Oloklhr‚nontac apì t = 0 kai Łqontac " = 0 ìtan t = 0, pa—rnoume:

"(t) =
�0

E

�
1� e�

E
�
t
�
u(t) (1.25)

’Opwc mporoÔme na doÔme kai apì to Sq ma 1.24bþ, kaj‚c t ! 1 to ulikì pro-

segg—zei Łna grammikì elastikì stereì. Ep—shc, lìgoc
�
E

(mon�dec qrìnou) onom�zetai

qrìnoc kajustŁrhshc (retardation time) t" [50].

1.6.4 MontŁlo tou Burger

To montŁlo tou Burger e—nai Łna montŁlo tess�rwn paramŁtrwn, to opo—o sthn ous—a

Łqei Łna stoiqe—o Kelvin an�mesa se Łna stoiqe—o Maxwell. Autì fa—netai kai sto Sq ma

1.25. Apì th bibliograf—a xŁroume ìti to montŁlo tou Burger mpore— na qrhsimopoihje—

gia thn ikanopoihtik  perigraf  poll‚n pragmatik‚n ulik‚n [55].

Se aut n thn per—ptwsh isqÔei ìti:

� = �M = �K (1.26)

" = "M + "K (1.27)
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Sq ma 1.25: Sqhmatik  anapar�stash tou montŁlou tou Burger [56]

Ep—shc apì thn ex—swsh gia to stoiqe—o tou Maxwell mporoÔme na gr�youme ìti:

@�M
@t

=
@�M
@t

E1

+
�M
�M

(1.28)

kai apì thn ex—swsh gia to stoiqe—o tou Kelvin:

�K = EK"K + �K
@�K
@t

(1.29)

Antikajist‚ntac tic dÔo pio p�nw exis‚seic sthn Ex—swsh 1.27, mporoÔme telik� na

de—xoume ìti:

� +

�
�K
EK

+
�M
EM

+
�M
EL

�
_� +

�M�K
EMEK

�� = �M _"+
�M�K
EK

�" (1.30)

ParathroÔme kai apì to Sq ma 1.25 ìti h sunolik  paramìrfwsh sÔmfwna me to

montŁlo tou Burger e—nai:

"B = "M1 + "K + "M2 (1.31)
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me "M1 na e—nai h stigmia—a paramìrfwsh kai "M2 na e—nai h ix‚dhc paramìrfwsh.

Endiaferìmaste bŁbaia gia sqŁseic oi opo—ec perigr�foun thn paramìrfwsh se sqŁsh

me to qrìno. ’Eqoume ep—shc ìti:

"M1 =
�0

EM
(1.32)

"M2 =
�0t

�M
(1.33)

apì to montŁlo tou Kelvin xŁroume ìti [57]:

"K =
�0

EK

�
1� e�

EKt

�K

�
(1.34)

Sundu�zontac tic prohgoÔmenec exis‚seic, pa—rnoume:

"(t) =

8>><>>:
�0

EM
+ �0t

�M
+ �0

EK

�
1� e�

EK
�K

t

�
t < t1

�0t1
�M

+ �0

EK

�
1� e�

EK
�K

t1

�
e
�EK
�K

(t�t1)
t � t1

(1.35)

ìpou t1 e—nai o qrìnoc pou stamat� na aske—tai t�sh stajeroÔ mŁtrou. To pr‚to

mŁroc thc ex—swshc (t < t1) perigr�fei to komm�ti tou erpusmoÔ, en‚ to deÔtero (t � t1)

perigr�fei to komm�ti thc qal�rwshc.

Oi stajerŁc EK ; �K ; EM ; �M e—nai autŁc pou perigr�foun to montŁlo tou Burger kai

e—nai diaforetikŁc gia to k�je ulikì. Sthn ous—a, oi stajerŁc autŁc apl‚c perigr�foun

to k�je Łna apì ta diaforetik� stoiqe—a tou montŁlou (Sq ma 1.25). Gia ta ulik� me ta

opo—a ja asqolhjoÔme, h par�metroc EM perigr�fei tic elastikŁc idiìthtec tou ulikoÔ,

en‚ h par�metroc EK sqet—zetai me thn akamy—a twn �morfwn polumerik‚n alus—dwn

[58]. EndiafŁrousa e—nai kai h sqhmatik  apeikìnish twn paramŁtrwn tou montŁlou,

ìpwc aut  parousi�zetai sto Sq ma 1.26.
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Sq ma 1.26: ParamŁtroi tou montŁlou tou Burger se di�gramma erpusmoÔ [59]
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Κεφάλαιο 2

Πειραματικές Τεχνικές

2.1 Peir�mata EfelkusmoÔ

To jewrhtikì upìbajro gia ta peir�mata efelkusmoÔ parousi�zetai sthn Enìthta 1.5.

Se Łna pe—rama efelkusmoÔ ousiastik� meletoÔme th mhqanik  sumperifor� enìc ulikoÔ

sto opo—o aske—tai t�sh. ShmantikŁc plhrofor—ec pou mporoÔme na exag�goume e—nai:

• MŁtro elastikìthtac Young

• T�sh diarro c kai shme—o jraÔshc

• MŁgisth t�sh

• Tuqìn emf�nish laimoÔ kai yuqr c Łlashc

EpiplŁon, idia—tero endiafŁron Łqoun oi grafikŁc parast�seic t�shc - paramìrfwshc.

2.1.1 Peiramatik  di�taxh

Ta peir�mata efelkusmoÔ Łginan sta ergast ria tou Tm matoc Mhqanik c tou EjnikoÔ

Metsìbiou Poluteqne—ou. To mhq�nhma pou qrhsimopoi jhke  tan to Instron 1121. To

mhq�nhma autì Łqei th dunatìthta epibol c fort—ou (efelkustikoÔ   jlhptikoÔ) mŁqri

kai 10kN [3]. Tautìqrona mpore— na metr sei kai thn epim kunsh tou dokim—ou. Gia

th mŁtrhsh thc (sqetik c) paramìrfwshc, qrhsimopoi jhke to optikì mhkunsiìmetro

Fielder Optoelektronik K-100. H sullog  twn dedomŁnwn Łgine me th bo jeia hlektro-

nikoÔ upologist . H peiramatik  aut  di�taxh fa—netai sthn Eikìna 2.1. Ep—shc, sthn

Eikìna 2.2 fa—netai to dok—mio topojethmŁno sto mhq�nhma Instron 1121.
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Sq ma 2.1: Peiramatik  diˆtaxh gia ta peirˆmata efelkusmoÔ

(aþ) Oi arpˆgec tou mh-
qan matoc Instron 1121

(bþ) To dokÐmio sto mhqˆnhmaInstron 1121

Sq ma 2.2: To mhqˆnhmaInstron 1125
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'Opwc blèpoume sthn Eikìna 2.2aþ, to mhqˆnhma èqei dÔo arpˆgec. Sta peirˆma-

ta efelkusmoÔ h kˆtw arpˆgh paramènei stajer , en¸ h pˆnw arpˆgh eÐnai aut  pou

metakineÐtai kai prokaleÐ ton efelkusmì.

Sthn Eikìna 2.2bþ faÐnontai dÔo leukˆ autokìllhta. Autˆ topojetoÔntai sto do-

kÐmio, ètsi ¸ste na petÔqome thn akrib  mètrhsh thc paramìrfwshc mèsw tou optikoÔ

mhkunsiomètrou. To mhkunsiìmetro pou qrhsimopoioÔme (Fielder Optoelektronik K-

100) mporeÐ na metr sei th metatìpish me anˆlush0:25mm se mia perioq  sˆrwshc

100 mm. H suqnìthta sˆrwshc kajorÐzetai sta 50   100 Hz. 'Olec oi teqnikèc pro-

diagrafèc tou mhkunsiomètrou faÐnontai analutikˆ ston PÐnaka 2.1 kai leitourgÐa tou

sthn Eikìna 2.3.

Sq ma 2.3: LeitourgÐa mhkunsiomètrou.

PÐnakac 2.1: Teqnikèc prodiagrafèc mhqan matocFielder Optoelektronik K-100 [30].
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2.2 Peirˆmata erpusmoÔ

To jewrhtikì upìbajro gia ta peirˆmata erpusmoÔ parousiˆzetai sthn Enìthta 1.5.5.

'Opwc èqoume eÐdh anafèrei, se èna peÐrama erpusmoÔ askoÔme sto dokÐmio stajer 

tˆsh kai meletoÔme thn paramìrfwsh se sqèsh me to qrìno. Endiafèron èqei h grafik 

parˆstash tˆshc - qrìnou h opoÐa prokÔptei apì autì to peÐrama.

2.2.1 Peiramatik  diˆtaxh

Gia ta peirˆmata autˆ qrhsimopoi jhke to mhqˆnhmaQ800 DMA thc etaireÐacTA In-

struments. To mhqˆnhma autì proorÐzetai gia efarmogèc Dunamik c Mhqanik c A-

nˆlushc ( Dynamic Mechanical Analysis, DMA) [60]. Gia th mètrhsh thc paramìrfw-

shc qrhsimopoioÔntai optikoÐ kwdikopoihtèc (optical encoders) gia megˆlh akrÐbeia kai

euaisjhsÐa. Oi teqnikèc prodiagrafèc tou mhqan matoc autoÔ faÐnontai analutikˆ ston

PÐnaka 2.2.

Maximum Force 18 N
Minimum Force 0.0001 N
Force Resolution 0.00001 N
Strain Resolution 1 nanometer
Modulus Range 103 to 3Ö1012 Pa
Modulus Precision ± 1%
TanA Sensitivity 0.0001
TanA Resolution 0.00001
Frequency Range 0.01 to 200 Hz
Dynamic Sample Deformation Range ± 0.5 to 10,000 pm
Temperature Range -150 to 600°C
Heating Rate 0.1 to 20°C/min
Cooling Rate 0.1 to 10°C/min
Isothermal Stability ± 0.1 °C
Time/Temperature Superposition Yes

Table 2.2: Teqnikèc prodiagrafèc tou mhqan matocTA Q800 DMA [60]

Olìklhrh h peiramatik  diˆtaxh faÐnetai sthn Eikìna 2.4.

Parˆllhla sthn Eikìna 2.5aþ faÐnontai oi arpˆgec tou mhqan matocQ800. Autèc

eÐnai arpˆgec tÔpouCantilever. Sth diˆtaxh aut  askeÐtai sto dokÐmio kamptikì fortÐo.

Sthn Eikìna 2.5bþ blèpoume to dokÐmio sterewmèno stic arpˆgec tou mhqan matoc.
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