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Mnxavikn AvaAuon
O1 dUo BaoIKEC KATNYOPIEC PNXAVIKNG avaAuong €ivai:

oH Oeppopnyxavikn AvaAuon (thermomechanical analysis -
TMA). 2tnv TMA €€ctaon kaTtaypageTal n napapopPwan Tou
UAIKOU uno oTaBepd @opTio (TAon n napapgoppwon) g
ouvapTnon Tnc Beppokpaaciac n Tou Xpovou.

e H Auvapikn Mnxavikn AvaAuon (dynamic mechanical
analysis — DMA). Kata tnv DMA €&€taon aokeiTal oTto UAIKO dia
NUITOVEIONG TAON, N onoia napayel pia peraBaAAopevn
napauoppwon nou kKabuaoTepel wc Npoc TNV apxikn dieyepon. H
dlapopa pacewc nou epgavidetal oxeTidetalr ye TNV O0OUN TOU
UAIKOU.

Kal oTig¢ dUo TEXVIKEC epApUOleTAl Hia EAeyXOuevVN HETABOAN TNG
Oeppokpaciac. H diakpion PeTa&U Twv TeEXVIKWV TMA kar DMA
eEXEl oxedov eEaAcipOei OTIC MEPEC MAC, KABWC Ol OUYXPOVEC
diata&eic auvdualouv Kal TIC duo AsiToupyiec (DMTA).
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e H OeppHikn Ava)\uon CIVCI(PEpETCII oTnNVv usTpnon KAnoliwv
)(CIpCIKTI’]pIOTIK(DV N |6|0TnTcov EVOGC UAIKOU w¢ ouvaptnon Tng
Oepuokpaciac n Tou Xpovou.

o H Pso)\oyla |J€)\€TCI TNV pon Kal TNV napagoppwaon
OPICHEVWV UAIKWV.

e H T£XVIKI1 DMA napapopcpoovsl |JI’])(CIVIKCI eva 60K||J|o Kal
LETPA TNV anokpion Tou. H napapop(pwor] hunopei va
scpappocesl nplTovosléwq, LE o-raespa BnuaTa n HE OedONEVO
puepo H anokpion ToOU 60K||J|ou KaTaypapeTal g
ouvapTnon TG Beppokpaaciac N Tou Xpovou.
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e OI pnxavikeg 1010TNTEC TWV MOAUHMEPWY KAAUMTOUV €va MOAU
LEYAAO €UPOC ano dIaPOPETIKEC CUNNEPIPOPEC:
e [MOAU oKANpPa kair akaunTta
e AUOKauUNTA ewC MaAaka eAacTOHEPN

e IEwdoeAaoTIka peuoTa

e H pnxavikn cuunepipopa TwV NOAUMEPWY OXETICETAl UE:
e Tnv Xnuikn ZUVOECH TOU NOAUPEPOUG
e Tnv Mopiakr Aopr TOU NOAUHPEPOUG
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EQpapHOYEG TNG TEXVIKNG DMA - XapaKTnpIoHOG
OOHNG/1010TATWV

e Avixveuon HETABACEWY MOU NPOEPXOVTAl ANO HOPIAKEC KIVIOEICG

e [1IpoadiopICHOC UNXAVIKWV 1I010TATWV (METPO anobrkeuonc,
OUVTEAEOTNC anooBeonc dovNoewV) pacua Xpovou (N ouxvoTnTac)
Kal Bepuokpaaciac

e MeAeTn oxeoswv OOUNG-1010TATWV-HOPPOAoYiag

e YaAwONG PHETANTWON, OEUTEPEUOUTEC HETABAOEIC

e KpuoTaAAIKOTNTA

o AlaXWPIOHOC pacewV (MOAUMEPIKA PEIYHATA, CUMNOAUMEPN)
e JUVOETA

e [Mpavon (Quaikn f XNUIKN)

e [MpocavaToAIouOC

e Enidpaon Twv npooBeTikwyv (MAACTIKOMOINTEC, Uypaacia)
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daopa IEwdoeAaoTIiKOTNTAC XAPAKTNPIOTIKOU
‘Apoppou NMNoAupepoUC
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NapapopPwWOoN TWV ZTEPEWV

e 'OAa Ta uAika petTapBaiAouv TIC dlaoTaocslc Touc (To oxNua,
TOV OYKO TOUuC N kal Ta Ouo) kKatw amno Tnv enidpaocn
UNXaVvIKNG TAOEWC.

e To WPETPO €AAOTIKOTNTOC €kPpalel Tnv avTioTaon Tou
UAIKOU OTnV napapoppwon MNoU MPOKAAEl n €papuoyn
eEWTEPIKNG OUVANEWC.

Young's Shear Bulk
Modulus Modulus Modulus
E = o G = T B = Ghyd
€ Y AVIV,
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Idavika ZTeEpEeaA

Ey & =Gy E=2G@0+v)
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Idavika PeuoTa

A -
. - X
Shear stress: Strain rate:
t=F/A Y = dy/dt = dv,/dy

Figure 5.7. Illustration of two parallel plates separated by a fluid under shear, indicat-
ing the corresponding definitions of shear stress and strain rate.

o i }'/_ dy dv, .
A, dt dy t=nry
H napapoppwon PETABAAAETAI HE TOV XPOVO KAOWC Ol MAAKEC
HMETAKIVOUVTAl N Mia w¢ npoc TNV AAAN.
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IEwdoeAaoTIKOTNTA

EUupoc Supnepi@opdc TwV YAIKWV

>TEPEOD ZWHA ---------- PeuoTo
Idaviko ZTEPEOD ----- >uvnon YAika ----- Idaviko PeuaTo
NANpwc EAaoTIkn ----- [EwdoEAAOTIKN ----- NANpwc IEWONC

[EwdoeAaoTikOTNTA: H oOupnepipopad KaATa TNV onoid
napatnpouvTal Tautoxpova IEWOEIC Kal EAACTIKEC IO10TNTEC.
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IEwdosAaoTIKN ZUMNEPIPOPa

Ynapyxouv TpeIiC OepeAeiwdeic peBodol yia TNV HEAETN TNG
IEWOOEAACTIKNG CUMMNEPIPOPAC TWV NMOAUMEPWV:

« O gpnuopog (creep),
- H xaAapwon Taonc (stress relaxation) kai

« H duvapikn pnxavikn avaAuon (dynamic mechanical
analysis).
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Aoxkipyn Epnucpuou

>e dia OokIun €pnuopou To OOKIMIO TIBeTaAl unmo TNV
enidpaocn orabepnc TAONG KAl KATAypaA®EeTAl N
NpOKUNTOUOd NApaPoOpPwon ouvapTroEl TOU XPOVOU.

'Eva 10avikO €AaoTIKO OTepeO enmIOEIKVUEI akaplaia
napapopPwaon cUPNPwva Pe Tov VoPo Tou Hooke.

>e eva 10avikoO peuaTo Ogv u@ioTaTal apxikn €AacTIKN
napauoppwaon Kal n napapgopPwon au&avel ouvexwc HE
KAIon avTioTpopwc availoyn Tou 1Ewdouc Tou. O pubpocg
napanopPpwonc napapevel otabepoc. Agpaipeon TNG TACGNCG
eV eNIPEPEI AvAKTNON TNG EAACTIKNG NApapopPwons. To
PEUOTO OTaApaTa va peel, OnAadn o  pubuocg
napapoppwaonc unoevileral.
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Figure 5.8. Typical stress (----) and strain (—) curves as a function of time during a
creep experiment.

Ta 1&wdoeAaoTika UAIKG enmidelkvUuouv evdldPeon cupnepigpopa. H
ouvapTnon TNG NapapopPwonG KUE ToV XpOVo Napoucialel TECOEPEIC
OIOKPITEC NEPIOXEG: TNV NEPIOXN EAAOCTIKNG ANOKPIONG, TnVv
nepioxn MetapBaonc (de/dt<0), Tnv neEpioxn 100pponiag
(de/dt=0TaB.) kar TNV NEPIOXN AVAKTNONG N anokaraoraong,
nou xapaktnpiletar amnod avakTnon TnG apxIikng €AacTIKNG
NapapopPwaonG Kal €KOETIKN MEIWON TNC NAPAPOPPWONG TEIVOVTAG
o€ Jia oTtaBepn puN-pNdOEVIKN TIWN.
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Eneidn n napapoppwaon oTIC OOKIUEC €Epnucopou  E€ival
XpOVIKa €EapTwWMPEVN, €v®W N TAon napauevel orabepn,
XpnolJgonolseitar  ouvnOwg, via TNV NEPypapn Twv
dedopevwy, To HETPO evdooncg (compliance):

&)

J() = o
_8(0)_1
J(0) = o
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XaAapwon Taong

> pia doKIun xaAdpwong Taonc 1o OOKIiWIo TiBeTal
uno oTabepn napapgopPwon Kal nNNPOKUNToOUOd
TAoN KaTaypapeTal wc ouvapTnon Tou XpOvou.

H anokpion €voc 1davikoUu €AACTIKOU OTepeou BOa
gival Jia Taon orabepn aveEapTnTn Ano ToV XPOVo.
Evw €va 10avikO peuocTO anokpiveTral Je PUNOEVIOUO
TNG TAoNG MOAIC EPAPUOCTEI NApANOPPwWON.

Ta 1&wdoeAaoTika UAIka emidEIKVUOUV TAON MNOU
LUEIWVETAl JE TOV XPOVO.
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Auvapikn Mnxavikn AvaAuon

To e€eTalopevo dokiplo TonoBeTeITAl OTIC KATAAANAEC apnaAyEeC Kal
O€ AQUTO aokKeiTal peTaBaAAopevn Taon TNG HOPPNC:

o(t) = o, sin(at + o)

H anokpion Tou dokipiou divel pia peTaBaAAOpevn NapapopPpwan
MOU UMOPEI va eKPPACOEI NECW TNC OXECEWG:

y() =yp,sin(at) N g(t) =¢g,sin(wt)
O1 dU0 NOCOTNTEC OUVOEOVTAIl UE TNV OXEON:

a(t) =E" (@)y(t)
E'(w) = E'(w) +IE"(®) tano = =

4
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E" (o) = E'(w) +iE"(w)

O1 opol E(w) kal E”(w) avagepovTtal w¢ To (duvapiko) HETPO
anoBnkeuong kal To (GUVAUIKO) HWETPO ANWAEIWV AVTIOTOIXd.
Na €va 1EwdoeAaoTikKO MNOAUNEPEC TO E’ xapaktnpilel Tnv
IKAVOTNTA TOU MNOAUNEPOUC va anobnkevel evepyela (eAAOTIKN
ouunepIpopa), evw 1o E” ek@padlel Tnv TAon Tou UAIKOU va
dlaxeel evepyela (1EwdNC cupunepipopa).

4

tano = —
EI
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Aokipec Auvapikng Mnxavikng AvaAuong

» EQapuOTeTal pia Xpovika Aigyepon

ueTapaAAopevn (NUITOVOEIONCG)
dieyepon (Taon n napapoppwan)

oTo OEiypa.
ATTOKPION
e MeTpaTal n anodkpion (Taon n
napapoppwaon) Tou UAIKOU. [\/
e MeTpaTal n dia@opd acewc d, ‘ ‘4_ Alapopd Qaoewc d
ueTa&u dleyepong Kal anokpiong. 7§
TG ofar—lab < Materials
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Anokpion oTIG OUo OpPIaKEC ZUVONKEC

NANpwG IEwANG
NANpwc EAaoTikn Anokpion Anokpion

(Hookean Solid) (Newtonian Liquid)

S 5 = 90°

Stress /\/ otress /\/\/

Strain /\ﬁ\/ Strain :
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IEwdoeAaoTikn ANOKpion

. ——Phase angle 0° < 0 < 90°

Strain

Stress
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IEwdosAaoTikoi Mapapuerpol

*H Taon o€ £Eva duVaAUIKO TrEipapa gival Jiyadikr) TroootnTa o,
*H piyadikn) Tdon xwpeiletal o€ TTPAYUATIKO KAl PAVTACTIKO UEPOG:
1) H eAaoTIKA TGON TTOU BPICKETAI OE PACN ME TV TTAPAUOPPWAN.
G' = 6,C0SO
OTTOU O OpPoG o' eKkppalel Tov [PaBud KATA TOV OTI0I0O TO UAIKO
OUMTTEPIPEPETAI WG TEAEIO EAQCTIKO CWHA.

2) Mia 1cwdn 1don o€ ¢Aaon PE Tov puBuUO TTaPAPOPPWaONG.
G'=6,SINd
OTToOU O OpoC c" exkppalel Tov PaBud KATA TOV OTTOI0 TO UAIKO
OUMTTEPIPEPETAI WG IOAVIKO PEUCTO .

‘ r— Phase angle

ﬁ—(}omplex Stress, o*[— > o* = ¢' + Io"
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Miyadiko MeTpo

ex_ o) _ o (ﬁjeiﬁ (i

— —(cosd +isin §)
g(t) £,8° &, &,

To pIyadiko PETPO €ival XapakTNPIOTIKN 1010TNTA TWV UAIK®V.

>& ouvONKeC eniIBOANG MIKpWV NAPAHPOPPWOEWY €ival guvapTnon Tou
XpOVOU Kdl N anokpion TwV UAIKWV BPIOCKETAl OTNV YPAPMIKN
IEwdoeAAOTIKN neploxn. AnAadn, Ta MeyeBn TG TAONG KAl TNG
napapopPwaong ouvoeovTal Ypauuika.

* [
E =E"+IE
O
/
E'=—"coso
&g
O, .
"
E"=—-2sino
o
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DMA I&€wdoeAaoTikoi Mapauerpol

To Miyadiko MeTpo: Ek@padlel

TNV GUVOAIKN avTioTaon Tou E* (G*) = Stress/Strain
UAIKOU OTNV napapoppwon.

To M£Tpo AnoBnkeuong
(EAaomiko): Exppacel (petpa) — E * (G') = (stress/strain)cosd
TNV €EAAOCTIKOTNTA TOU UAIKOU Kal

TNV 1IKAVOTNTA TOU va anobnkeuel
EVEPYEIQ.

To MeTpo AnwAeiwv (1IEWOEQ): _ _
Ex@pader TNV 1kavoTnTa TOU E " (G") = (stress/strain)sind
UAIKOU va dlaxeel evepyela. H

EVEPYEIQ «XAVETAI» WG

BepuoTnTa.

E@anTtopevn Twv ANWAEIWV:

Ekppadel (UeTPA) TNV IKAVOTNTA Tan 6 = E"/E' (G"/G')

anoofeonc OoVNOoEwWV TOU UAIKOU.
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ZApwon ZUXVOTAT®WV: Anokpion Tou YAIKOU

— Storage Modulus (E' or G)
== == | 0SS Modulus (E" or G")

- 1 Transition |
! Rubbery ! Region I
— Terminal I Plateau ' |
c Region : Reaqgion : LS
- |
LI E | : Glassy Region
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© , : I
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o : : I
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MeTaBoAn TnG Oeppokpaaciac: Anokpion Tou YAIKOU

Glassy Region

Transition
Region ! Rubbery Plateau

! Region

Terminal Region

Storage Modulus (E' or G)
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== == = | 0ss Modulus (E" or G") !
1
1
I

Temperature

Smart materials &
nanodielectrics-lab
Department

TTANEITIETHMIO ot —lab  Materials
ITATPQON L
smatlab.upatras.gr . S,F.Ien":.e\




To IEmooeAaoTiko Paocua

o o
w Ly I
> e (E* OF G) 15 (E' oriG) \
- | " "
— _I - (E" Or G") - - = (E Or!:; )
log Frequency Temperature
|
3 °
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Apnayeg

Tension-Film Shear-Sandwich Submersible
Compression

T

2 D 4 S 2 Submersible
3-Point Bending

Tension-Fiber Compression Tension
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DMA : Dual Cantilever Mode

Sample

Movable

Stationary
clamp

Clamp
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DMA : Single Cantilever Mode

Sample

Stationary———
Clamp
Movable f
clamp U
\
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DMA : Kapyn Tpiwv ZNHEI®OV

Sample
Stationary Fulcrum
Moveable Force
Clamp -
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ITANEIIXTHMIO

[TATPON

DMA : Apnayec EpeAKUCHOU

Stationary
Clamp

Sample

(film, fiber,or thin sheet)

Movable clamp
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DMA : Apnayec OAIYewG

Movable Clamp

I

A
: Sample
|
|
y
Stationary clamp
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Mopilakec Kivioeic/MertaBaosic/ XaAapwoeig

e[evika, ol peTtaBacelc oxetiovral Pe OIAQPOPETIKEC KIVIOEIC
HOpPIOKWV TUNUATWY, NOU Pnopouv va cuvepyadlovTal PETAEU
TOUC KAl MOuU €ival EVTOMNIOUEVECG TOMIKA N EKTEIVOVTAl OE PUECO N
HEYAAUTEPO €UPOC.

e AUTEC OI KIVINOEIC avapePOVTAl KAl WG XaAApWUOEIC.

Reference: Turi, Edith, A, Thermal Characterization of Polymeric Materials, Second
Edition, Volume I., Academic Press, Brooklyn, New York, P. 486.
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Figure 5.18. This diagram illustrates the loss peaks associated with the various transi-

tions found in semicrystalline and amorphous polymers. [From Chartoff (1997);
reprinted with permission of Elsevier. ]

>nUEia PeEyAAou evOIQ@PEPOVTOC Yia TOV XAPAKTNPIOUO OlEpyaciwV
xaAapwonc: (a) npoodioplopuoc TNG (Ppaonc ornv onoia ekkivouv, (B)

neEPIypaPn TwV UMNOKEIMEVWV Hoplakwyv Olepyaciov, (y) ouvdeon TG
oUMNEPIPOPAC XaAdpwonG MHE TEXVIKEC I1010TNTEC KAl MNPAKTIKEC
£PAPUOYEC.
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T,, N Kopu®n Tou E”, “the onset point”, evap&n Tng perapaonc.

Shear modulus (dynes/cm?)
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Figure 5.19. DMA E’, E”, and tan & (A) curves for a butadiene—styrene copolymer;
the data illustrate that E” and tan 6 have different maxima (Nielsen 1962).
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Figure 5.21. Experimental DMA data for PVC at various frequencies; a general
decrease in the intensity of tand or E”, a broadening of the loss peak, and a slight
decrease of the slope of the storage modulus curve in the transition region occur with
increasing frequency (from Becker, 1955, with permission of Springer Science and
Business Media).
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Figure 5.22. DMA curves for polycarbonate at several frequencies. [From Chartoff
(1997): reprinted with permission of Elsevier.]
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Figure 5.23. Arrhenius plots for the o and f transitions in poly(methyl acrylate) indi-
cating the different temperature dependences for the two transitions. [From McCrum
et al. (1967); reprinted with permission of John Wiley and Sons, Inc.]
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Figure 5.24. An example of the broadening of the glass transition in semicrystalline
PET: the low-crystallinity sample exhibits glass transition relaxation at 75°C, while
the higher-crystallinity samples show the relaxation around 105°C. As crystallinity
increases, the relaxation broadens and the loss peak shifts to higher temperatures (from

Takayanagi, 1965).
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Figure 5.27. Schematic illustration of the effect of rigid particulate fillers on the storage
modulus of amorphous and crystalline polymers in the vicinity of T fillers increase the
storage modulus £ and shift the 7, to a higher temperature; the glass transition tan 6
peak (not shown) broadens and the peak position shifts to a higher temperature. [From
Lee and Nielsen (1977); reprinted with permission of John Wiley and Sons, Inc.|
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File: F:..\DMADATA\Peten.trl

Sample: Polyethylene in Tension

Size: 8.4740 x 5.7500 x 1.0000 mm DMA Operator: RRU
Run Date: 18-Jan-99 16:10
Comment: 15 microns, 120% Autostrain, -150°C to 100°C
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XaAapmoeic a kal B TaEewc (a’, B')

Sample: PET Film in Machine Direction File: A:\\Petmd.001

Size: 8.1880 x 5.5000 x 0.0200 mm DMA Operator: RRU

Method: 3°C/min ramp Run Date: 27-Jan-99 13:56
Comment: 1Hz; 3°C/min from -140° to 150°C, 15 microns,

[o] Loss Modulus (MPa)
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Zytel - Nylon in Torsion
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Aopn NMoAupepwv — I810TNTEC XAPAKTNPICHOC

2 YaAwdncg MeTantwon

> MetaBaosic B Ta&swc (B xaAapwaoelq)
> KpuoTaAAikoTnTa

> Mopiako Bapoc/oTaupodeaOi

> AlaXWPIOPOC PpAcewV (MOAUMEPIKA UEIYHATA,
OUMMOAUNEPN,...)

> 2UvBeTa

> 'Mpavon

> 2kAnpuvon (curing) SIKTUWV

> NMpooavaToAIouoC

> Enidpaon npooBeTIKWV

Reference: Turi, Edith, A, Thermal Characterization of Polymeric Materials,
Second Edition, Volume I., Academic Press, Brooklyn, New York, P. 489.
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Sample: Filled Fiber Rein. Composite File: A:\PREMIXD.O00OQ
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PET - Polyethylene terepthalate
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Fig. 2 a Storage modulus and b loss tangent delta as a function of temperature, at f = 1 Hz, of all the studied systems

Dynamic electrical thermal analysis on zinc oxide/epoxy resin nanodielectrics,
G. N. Mathioudakis, A. C. Patsidis, G. C. Psarras,

Journal of Thermal Analysis and Calorimetry,

116, 27-33, 2014.
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Fig. 4 Storage modulus and 10*

mechanical loss factor of
PUR and PUR/alumina 10°
nanocomposite (in 10 phr
filler loading) versus 10° +
temperature (in tension o
mode at 10 Hz frequency). % 10" +
Note that the line represents ;
the neat PUR whereas line 10° 3
plus symbol the PUR
reinforced with nanoparticles 107 3
of 25 nm in diameter
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Fig. 7 Imaginary part of electric modulus versus frequency and temperature for pure PUR Fig. % Imaginary part of electric modulus versus frequency and temperature for PUR reinforced
Smart materiwithel () phr alumina particles. The mean diameter of alumina particles is 25 nm
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Fig. 6 Storage modulus and 10 3
mechanical loss factor of neat 3'--"l--lm._
PUR/NR blend (line curve) .
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Mnxavikn Anokpion Kpapatwv Mvnung
zxnuartog — NiTiCu(12%)
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Plain NiTiCu(12%). (a) Storage modulus as a function of
temperature, (b) static stress-strain curve at ambient.
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