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Mnxavikn AvaAuon
O1 dUo BaoIKEG KATNYOPIEC NXAVIKNG avaAuong €ivai:

eH Oeppopnyavikn AvaAuon (thermomechanical analysis -
TMA). 2tnv TMA €€ctaon kataypagpeTal n napauopPwaon Tou
UAIKOU uno oTaBepo @opTio (TGon n napapgoppwon) g
ouvapTnon Tn¢ Bepuokpaaciac r Tou Xpovou.

e H Auvapikn Mnxavikn AvaAuon (dynamic mechanical
analysis — DMA). Kata tnv DMA €€cTtaon aokeiTal oTo UAIKO [ia
NUITOVEIONG TAon, n onoia napayesl pia peTaBaAAopevn
napapoppwaon nou kKabuoTepel wc npoc TNV apxikn dieyepon. H
dlapopd pacewc nou epgavidetal oxetidetal ye TNV O0OUN TOU
UAIKOU.

Kal oTig¢ OUO TEXVIKEC epApUOleTaAl Hia EAeyXOuEVN METABOAN TNG
Oepuokpaciac. H diakpion PETA&U Twv TeEXVIKWV TMA kai DMA
eEXel oxedov eEaAcipOei OTIC MEPEC MAC, KABWC ol OUYXPOVEC
diata&eic ouvoualouv kal TIG duo AsiToupyiec (DMTA).
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e H Oepupikn AvaAuon avagepeTalr oTrnv HPETPNON KANOIWV
XapakTNPIoTIKWV N 1I0I0TATWV €VOG UAIKOU w¢ ouvaptTnon Tng
Beppokpaaciac n Tou Xpovou.

e H PeoAoyia peAeTa TNV pon Kal TNV Napapoppwan
OPICHEVWV UAIKWV.

e H T£XVIKI‘| DMA napauopcpwvsl pnxavma eva 60K||J|o Kal
UETPA TNV dAMNOKPION TOU. H napapop(pooor] unopel va
£QapuoCOEi nplTovosléwq, ue otaBepa BnuaTa n HE dedoPEVO
pueuo H anokpion TOU 60K||J|ou KaTaypa@erar wg
ouvapTnon TnG Beppokpaaciac rp Tou Xpovou.
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e OI pnXavikec 1010TNTEC TWV MOAUHMEPWY KAAUMTOUV €va MOAU
HEYAAO €UPOC ano dIaPOPETIKEC CUUNEPIPOPEC:
e [MOAU OokANpa Kai akaunTa
e AUOKANNTa ewC MaAaka eAacTOMEPN

o IEwdoeAaoTIKA pEUOTA

e H pnxavikn cuunepIpopa TWV NOAUMEPWY OXETICETAl UE:
e Tnv XnHikn ZUvVOECH TOU NOAUNEPOUG
e Tnv Mopiakn AOMK TOU NOAUHEPOUG

Smart materials &
nanodielectrics-lab

Department
TIANEITIETHMIO oiiat —lab o Materials

smatlab.upatras.gr sclence
SRR A s e B A UAG




EqpapHOYEC TNG TEXVIKAG DMA — XapakTnpIoHOG
OOoHNG/1010TATWV

e Avixveuon HETaBACEWY NMOU NPOEPXOVTAl ANO POPIAKEC KIVIOEIC

e [1poadIopICUOC PUNXaVIKWV 1I010TATWV (METPO anobnkeuong,
OUVTEAEOTNC anooBeong dovnNoewV) paoua Xpovou (N ouxvoTnTac)
Kal Bepuokpaaciag

e MeAeTn oxeoewVv OOUNG-10I0TATWV-HOPPOoAoyiag

e YaAwONG PHETANTWON, OEUTEPEUOUCEC HETABAOEIC

e KpuoTaAAIKOTNTA

e AlaXWPIOHOC pacewV (MOAUMEPIKA UEIYHATA, CUMNOAUMEPN)
e JUVOETA

e [Mpavon (Quaikn N XNUIKN)

e [MpocavaToAICNOC

e Enidpaon Twv npocbeTikwVv (NAACTIKOMNOINTEC, Uypaacia)
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NapapopPwWOon TWV ZTEPEWV

e 'OAa Ta uAika petaBaAiouv TIC dlaoTAOEIC TOUC (TO OXNKHa,
TOV OYKO TOUC N kal Ta Ouo) kKATw amno Tnv enidpacn
HNXAVIKNG TACEWC.

e To METPO €AAOTIKOTNTOC €kppalel TNV avTioTaon Tou
UAIKOU OTNnNV napagop@waon MNou MNPOKaAsl n epapuoyn
eEWTEPIKNG OUVANEWC.

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

S A =Gy E=2G(1+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 7/ _dy dv, .
A, dt dy t=nry
H napapoppwon HeTABAAAETAl PE TOV XPOVO KABWC Ol MAAKEC
METAKIVOUVTAI N Mia w¢ NpogC TNV AAAN.
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IEwdosAaoTIKOTNTA

EUpoC SUpnepIpopdc TwV YAIKWV

>TEPEO ZWHA ----------
Idaviko XTepeO -----

NANpwc¢ EAaoTIK -----

PeuoTo
>uvnon YAIka ----- Idaviko PeuoTo

IEwdoeAQOTIKN ----- NANpw¢ IEwdNC

[EwdoeAaoTikoTNTAa: H OUPneEpIpopa  kaAta TNV onoia
napatnpouvTal Tautoxpova IEWOEIC Kal EAAOTIKEC I010TNTEC.
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IEWO0eAAOTIKN ZUMNEPIPOPA

Ynapyxouv TpeiG OepeAeiwdeic peBodol yia TNV HEAETN TNG
1IEWOO0EANACTIKNG CUMMNEPIPOPAC TWV MOAUNEPWV:

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

« H duvapikn unxavikn avaiuon (dynamic mechanical
analysis).
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ITANEIIZTHMIO opiar —lab

Aokipn Epnuopou

>€ pia OOKIJNN €pnucpou TO OOKIMIO TIBETAl UMO TNV
enidpaocn orTabepnc TAONC KAl KATAYpAPETAl N
NPOKUNTOUCA NAapapoppwaon cuvapThnoEl TOU XpOVOU.

'Eva 10avikO €AAOTIKO OTeEPEO €nIOEIKVUElI akapiaia
napapoppwon cuhpwva PJe Tov VOoPo Tou Hooke.

>e eva 10aviko peuoTo Oev u@ioTATAl APXIKN €AACTIKN
napauoppwon Kai N napapgop@won au&avel CUVEXwWC ME
KAIon avTioTpopwc availoyn Tou 1Ewdouc Tou. O pubpoC
napapopPpwone napapevel otabepoc. Agpaipeon TNG TAONG
eV EMIPEPEI AvAKTNON TNG EAACTIKNG NApaAPopPpwaonc. To
PEUOTO OTaANATaG va peel, OnAadn o  pubuog
napapopPwong pnodeviderail.
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Figure 5.8. Typical stress (-—---) and strain (—) curves as a function of time during a
creep experiment.

Ta 1&wdoeAaoTika UAIKa emideikvuouv evOlapeon cupnepigpopa. H
ouvapTnon TNG NapapopPwWonG JUE ToV XpOvo napoucialel TEGOEPEIC
OIOKPITEC NEPIOXEG: TNV NEPIOXN EAAOCTIKNG aANOKPIONG, TNV
neploxn pHeTraBaonc (de/dt<0), TNV nNEpPIOXn 100pponiag
(de/dt=0TaB.) kal TNV NEPIOXN AVAKTNONG N anokaraoraong,
nou xapaktnpiletal anod avaktnon TNG apxikng €AacTIKNG
napapopPpwone Kal ekKBETIKN MEIiwWON TNE NApaApoOpPpwonc TEivovTac
o€ pia orabepn Pun-pnNdEvIKN TIWN.
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Encidn n napapoppwon OTIC OOKIJMEC EPNUCHOU  €ival
XpoVvika €&EapTwMEVN, &€vW N TAON napauevel orabepn,
xpnolgonoigeitar  ouvnOwg, vyia TNV NEpypapn Twv
dedopevwy, To HeETPO evdoonc (compliance):

_&(t)

0= o
_¢(0) _1
J(0) = e
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XaAapwon Taong

>€ pia doKiun xaAapwonc Taonc 1o dokiuio TiBeTal
uno oTabeprn napapopPwaon Kal NNPoKUNToOUOd
TAON KATaypageTalr wc ouvapTnon Tou Xpovou.

H anokpion &voc 10avikoUu €AACTIKOU OTEPeoU Ba
eival yia Taon orabepn aveEapTnTn ano Tov XpOoVvo.
Evw €va 10aviko peucTo anokpiveral Je PNOEVIOUO
TNG TAONCG POAIC EPAPHOOTEI MApapopPwon.

Ta 1E&wdoeAaoTika UAIKG emdEIKVUOUV TAGN MouU
LEIWVETAlI JUE TOV XPOVO.
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Auvapikn Mnxavikn AvaAuon

To €€eTalopevo dokiplo TonobeTeiTal oTIC KATAAANAEG apnayeg Kal
O€ AQUTO aokeiTal peTraBaAAopevn Taon TNG HOPPNC:
o(t) = o, sin(at + J)

H anokpion Tou dokiyiou divel pia HeTaBaAAOpevn napapoppwaon
MOU WMNOPEI va eKPPACHEl HEOW TNC OXECEWC:

y()=y,sin(at) n  g(t) =¢g,sin(wt)
O1 dU0 NOCOTNTEC OUVOEOVTAl PHE TNV OXEON:

o(t) = E" (o) y(t) ”
E(w) = E'(0) +iE"(w) =
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E" (@) = E'(w) +iE"(w)

O1 opol E(w) kal E”(w) avagpepovTal w¢ 1o (OUVAMIKO) HETPO
anoBnkeuonc kal To (GUVAPIKO) HETPO ANWAEIWV avTioTolXd.
Na eva 1EwdoeAaoTIKO NOAUPEpPEC To E’ yxapakTtnpilel Tnv
IKAVOTNTA TOU MOAUNEPOUC va anobnkeuel evepyela (eAAOTIKN
ouunepIpopa), evw 1o E” ekppalel Tnv TACN TOU UAIKOU Vva
dlaxeel evepyela (1EwdNC cupnepIpopa).

"

tano = —

4
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Aokipec Auvapikng Mnxavikng AvaAuong

e EQapuoleTal pia xpovika Aieyepon

ueTaBaAAlopevn (NUITOVOEIONG)
dleyepon (Taon N napauopPwan)

oTo OEiypa.
ATTOKpPION
e MeTpdaTal n anokpion (Taon n
napapoppwon) Tou UAIKoU. /\/'
e MeTpaTal n dia@opd pacewc d, ‘ ‘4_ Alaopd QacewC d
LETAEU dIEYEPONC KAl ANOKPIoNC. 7S
[ANEIETHMO ofiorr—lab * Materials
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Anokpion oTIC dUOo OPIaKEC ZUVONKEG

NANpwG IEWONG
NANpwG EAaoTikn AnoKpion Anokpion

(Hookean Solid) (Newtonian Liquid)

o = 90°

Stress

0=0°
Stress

N

Strain

Strain

N

o
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IEwdosAaoTikn AnOKpion

——Phase angle 0° < 0 < 90°

Strain

Stress
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IEwdosAaoTikoi Mapapuerpol

*H 100N o€ £Eva duvauIKO TTEipaua gival hiyadikr) TroootnTa %,
*H piyadikn 1aon xwpeiletal o€ TTPAYUATIKO KAl pAVTAOTIKO HEPOC:
1) H eAaoTIK) TAON TTOU BPIOKETAI OE PACT ME TNV TTAPANOPPWOT).
G = 6,C0SO
OTTOU O OpoGC o' ekppalel Tov [PaBud KATA TOV OTI0I0O TO UAIKO
OUMTTEPIPEPETAI WG TEAEIO EAAOTIKO CWHA.

2) Mia 1¢wdn 1don o€ pAaon PE Tov puBUOG TTAPANOPPWONC.
G"'=0,SINod
OTToU 0 0po¢ " ekppalel Tov PaBud KATA TOV OTTOI0 TO UAIKO
OUMTTEPIPEPETAI WG IOAVIKO PEUCTO .

‘ r— Phase angle &

Q—Complex Stress, 6*[— > ¢* = ¢' + Io"
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Miyadiko MeTpo

ex_ o) _ o (ﬁjeiﬁ N

— —(cosd +isin S)
g(t) £,8° &, &,

To piIyadiko PETPO €ival XapakTnpIoTIKN 1010TNTA TWV UAIKWV.

>& ouVvONKeg enIBoANG MIKPpWV NAPANOPPWOEWY E€ival ouvapTnon Tou
XpOVOU Kdl N anokpion TwV UAIKWV BpIioKETAl OTNV YPAPMIKN
IEwOOEAACTIKN neploxn. AnAadn, Ta MeyeBn TnG TAONG KAl TNG
napapopPwaonc ouvoeovTal YpauuIKa.

* r,osc
E =E +IE
O
/
E'=—2coso
o
O, .
4
E"="%sins
o
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DMA I€wdoeAaoTikoi Mapaperpol

To Miyadiko MeTpo: Ek@padlel

TNV GUVOAIKN avTioTaaon Tou E* (G*) = Stress/Strain
UAIKOU OTNV Napapoppwaon.

To M£Tpo AnoBnkeuong
(EAdoriko): Exppatel (betpa) — E ' (G') = (stress/strain)cosd
TNV EAAOCTIKOTNTA TOU UAIKOU Kal

TNV 1KAVOTNTA TOU va anobnkeuel
EVEPYEIQ.

To MeTpo AnwAeiwv (1EWOEC): _ _
Ex@palel TV 1kavoTnTa Tou E " (G") = (stress/strain)sind
UAIKOU va dlaxeel evepyela. H

EVEPYEIQ «XAVETAI» WG

BeppoTnTa.

EpanTtopevn TwV ANWAEIWV:

Ekppalel (UeTPA) TNV IKAVOTNTA Tan 0 = E"/E' (G"/G')

anooBeong doVNOEwWY TOU UAIKOU.
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ZApwWon ZUXVOTAT®WV: Anokpion Tou YAIKOU

1 Transition
Rubbery : Region
Terminal Plateau
Region Region 3

log E' (G") and E" (G")

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

log Frequency (rad/s or Hz)
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MeTaBoAn TnG OeppHokpaciag: Anokpion Tou YAIKOU

Glassy Region

Transition
Region | Rubbery Plateau |,

, Region Terminal Region

Storage Modulus (E' or G)

== == = | 0ss Modulus (E" or G")

Temperature
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log E' (G') and E" (G")

log Jc

ITANEIIXTHMIO
rlv

To IEwdosAaoTiko Paocua

log E' (G') and E" (G")

- = - (Eor )

log Frequency Temperature

log E (t) or G (t)

log Time log Time
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Apnayeg

Tension-Film Shear-Sandwich Submersible
Compression

SR
[

14 ' S 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 1 U
\/
Smart materials &
nanodielectrics-lab
— Department
TTANEITIZTHMIO ot —lab
[TATPON

* Materials
smatlab.upatras.gr

UNIVERSITY OF PATRAS



DMA : Kapwn TpiwVv ZnHEI®V

Sample

Stationary Fulcrum

Moveable Force
Clamp
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DMA : Apnayec EqppeAkuocpHOU

yd
Stationary
Clamp
Sample
(film, fiber,or thin sheet)
t
|
|
v Movable clamp
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DMA : Apnayec OAIYPewG

Movable Clamp

I

A
| Sample
I
I
v
Stationary clamp
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Mopiakec Kivinoeig/MeTaBaoeig/ XaAapmwoEIG

e[evika, ol petafaocceic oxetidovral HE OIAPOPETIKEC KIVNOEIG
HOPIOK®WV TPNUATWY, NOU HMNopouv va cuvepyalovtal PeTA&U
TOUC KAl NOU €ival EVTOMICUEVEC TOMIKA N EKTEIVOVTAI OE PJECO N
HEYAAUTEPO €UPOC.

e AUTEC OI KIVNOEIC avapepoVTal KAl w¢ XaAapwaoelc.

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.]

>nUeEia PeyaAou evOIa@EPOVTOC YIA TOV XAPAKTNPIOWO JlEpyaciwV
xaAapwong: (a) npoadloployoc TNG paonc ornv onoia ekkivouv, (B)

neEPIypapn TwV UMNOKEIMEVWV poplakwy Olepyaciov, (y) ouvdeon TNG
OUMMNEPIPOPAC XAAAPWONC ME

TEXVIKEC 1010TNTEC KAl MPAKTIKEC
EPAPMOYEC. |
ns::,z:jt.::ctfrr,:;lﬁasf, R. P. Chartoff, J. D. Menczel, S. H.
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T,, N Kopu®n Tou E”, “the onset point”, evap&n Tng perapaonc.

Shear modulus (dynes/cm?)
w P w 2

b
o
=]

[ ]

109

Damping (logarihmic decrement)

- III'.I
- GaV®
B gﬁﬁfﬁdﬁ .-">/.-_
\ ,.-"' l.LII —_—
I \ 11.0
Damping A \ \
B "x —
\ G
- - %--___'“"\_ 0.1
. G,I ’
l ! | ! ! T
20 0 20 40

Temperature (°C)

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 p 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 7; fillers increase the
storage modulus E” and shift the 7, to a higher temperature: the glass transition tan &
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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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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Reference: Turi, Edith, A, Thermal Characterization of Polymeric Materials,
Second Edition, Volume I., Academic Press, Brooklyn, New York, P. 489.
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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
mechanical loss factor of
PUR and PUR/alumina
nanocomposite (in 10 phr
filler loading) versus
temperature (in tension
mode at 10 Hz frequency).
Note that the line represents
the neat PUR whereas line

plus symbol the PUR
reinforced with nanoparticles
of 25 nm in diameter

Fig. 7 Imaginary part of electric modulus versus frequency and temperature for pure PUR
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Fig. 9 Imaginary part of electric modulus versus frequency and temperature for PUR reinforced

Smart materiwithgl U phr alumina particles. The mean diameter of alumina particles is 25 nm

nanodielectrics-lab

ot —lab

smatlab.upatras.gr

Relaxation phenomena in elastomeric
nanocomposites, G. C. Psarras K. G. Gatos, 89-
118, in “"Recent advances in elastomeric
nanocomposites”, edited by V. Mittal, J. K.
Kim and K. Pal, Springer-Verlag, 2011.

Department

“ Materials

ATRAS

UNIVERSITY OF P



Fig. 6 Storage modulus and 10"
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Mnxavikn Anokpion Kpapatwv Mviung
zxnuaToc — NiTiCu(12%)

70 T T T T T T T 1200 T T T T T T T
/7
/
/7
60 4 1000 4 4 i
.
) -’
o i akd |
Q/ 50 - . 800 ./. /
w x 4
- — /
o 0
5 40 4 o 600 _; -
3 - o
o 1 © '/
E //l
o 304 | 400 Jun i
4 .l
7/

L cn
(@] VLl
ﬁ ‘e

20 | 200 4 4/ i

10 0 /; . — 1 T T T T T T T T

- e R 000 001 002 003 004 005 006 007 008

€

Plain NiTiCu(12%). (a) Storage modulus as a function of
temperature, (b) static stress-strain curve at ambient.
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