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Abstract

The relationship between microstructure and mechanical properties of semicrystalline
polymer materials has been a hot togiitcce many years materials science and engineering.
Isotactic polypropylene (iPPis frequently used as a model materidue to itsgood
mechanical propertieand wide applicationsin the past few years, numerous studies have
been performed irthe field of structural evolution during deformatiofreviousresults
reveaedthat phase transition from crystal to mesophase happens in the crystal scale, lamellae
orientation and fragmentation occurs in the lamellae scales\atavitation behavior exists

in the larger scale. Although abundant work has beer,demme problems remain under
debate, for instance the relationship between lamellae deformation and cavitation behavior,
the role of phase transition on the void formation, et lal.this study, well defined
microstructure of iPP isbtainedby annealingor adding nucleating agent. Afterward, the
structural evolution undehree types ofmechanical loathodes (including uniaxial stretching,
creep, and stress relaxatiog)n-situ monitored by synchrotron-kay scattering.

During uniaxial stretchingwe reveakd, for the first time how lamellae deformationccursin

the time scalesof elastic deformationjntra-lamellar slip, and meltingrecrystallization,
separated by three critical strains whweére only rarely found to befluenced by annealing.
Stran | (a Heng&y strain value oD.1) marksthe end of elastic deformation and the onset of
intraclamellar slip. Strain I @ Hencky strain value 0f0.45) signifies the start of the
recrystallization process, from where the long period in the stretching direction begins to
decrease from its maximum and the polymer chains in the ciststdko orient along the
stretching directionThe energyrequired by meltingarisesfrom the friction between the
fragmented lamellae. Strain llla(Hencky strain value 0f0.95) denotesthe end of the
recrystallization process. Beyond the strain of 0.95, the long period and the crystasize
nearly unchangeduring further streching, the extension of the polymer chains anchored by
lamellaetriggersthe strain hardening behavior. On the other hand, annealing significantly
decreasethe critical strain for voids formation amdcreaseshe voids number, buestricts

the void sie. For those samples annealed at a temperature lower tA@n\8fidsareformed
between strain 1l and strain Ill. The voidseoriented in the stretching direction once tlaeg
formed. For those samples annealed at a temperature higher thai€106ids are formed
between strain | and strain [The voids are initially oriented with their longitudinal axis
perpendicular to the stretching direction and then transferred along stretching direction via

voids coalescence. Additionally, the formation\adids influencesneither the critical strains



for lamellae deformatigmor the final long periodthe orientation of polymer chairs the

crystal size.

b-iPPis a kind of metastable phase which can be induced only under special condition. By
adjusting the morphology of N,Micyclohexyl2,6-naphthalene dicarboxamide (NJS)
through sefassembly t he r el a tiRPPvKg) iscsuxcesstelly tontroliedinéer the
condition that the weight content of NJS in the composite keeps at 0.3 wthéb.
microstructural evolutionof the iPP/NJS composites withlifferent K, during uniaxial
stretchings studied The results show that a high€ycould increase the numbertbi voids.
However, the size dhevoi ds is similar regardl-@sphadge th
transition takes place after veifbormation. Duringintralamellarand interlamellar slip, no
obvious polymer chains orieitd on ¢ an biRP. Ih theustrain rainge of 0.0~0.6, the
c-axi s OiPP criystaketends to orient perpendicular to the stretching directian to
lamellae twistingwhichisa uni que def oriPPadamellaeAndrine threellae f b
twisting are proposed to be responsible for the intense voids formation of the composite with
higherKp.

During creep,the evolution of the long period can be divided into four stages (primary creep,
transition stage, secondary creep, and tertiary creep). Tagifie well with the macroscopic
displacement and strain evolution. In primary crebp,long period along loading direction

(0 ) increases with timeue to the stretching of amorphous phaskereas the long period
perpendicular to loading directig ) decreases slightly. In secondary creep, strain increases
linearly with time. Both) and0 exhibit the same tendency with strain. The increase of the
long period is caused by lamellae thickening, which is a kindoaiperatve motion of
molecular chains with their neighbors onto the lamellae surfe.increaimg rate of0 is
larger than that ob , indicating that the orientation of molecular chains along loading
direction decreases the energy barrier for ¢beperativemotion. In tertiary creep, strain
grows dramatically within a limited time. The lamellaee tilted and rotated, and then
disaggregated. In additiphbrillary structure is formed during lamelldmeaking. The length

of the fibrillary structure increases from 36# to 497 nnbut its width stays at 102 nm as

creep time increases.

During stress relaxationhe local deformation behavior of the long period is affine with the
macroscopic stress relaxation. However, the evolution of the crystal orientation anddthe voi
size lag behind the macroscopic stress relaxation. The decrease of the long period is mainly



caused by the relaxation of the strained polymer chains in the amorphous phase. The
retardation of the evolution of the crystal orientation is probably causethébyphase
transition from stablé}iPP to metastablmesomorphigPP. By phase transition, the highly
oriented JiPP is transferred to weakly oriented mesomorgRiE. Due to the fact that the

void is confined by the network of the strained polymer chatmsre lamellae blocks serve as

the physical anchoring points, the phase transition contributes greatly to the viscoplastic
deformation of the network. Consequently, the evolution of the voids size shows a similar
trend with that of the phase transition.

With this thesis we gaired a deeper insight into the relationship between structure and
properties of semicrystalline polymers. The current study will not only benefit the

understanding of polymer materials science but also sergaidancefor the procesing of
semicrystalline polymers for engineering applications



Abstrakt

Die Korrelation von Mikrostruktur und mechanischen Eigenschaften teilkristalliner
Polymermaterialien ist seit vielen Jahren ein wichtiges Thema von Materialforschung und
Anwendungstechnik. Isotaktisches Polypropylen (iPP) wird wegen seiner guten medaranisch
Eigenschaften und der breiten Verwendung héaufig als Modellmaterial verwendet. In den
letzten Jahren wurden zahlreiche Studien auf dem Gebiet der Strukturentwicklung wahrend
der Deformation durchgefuhrt. Frihere Resultate zeigten, dass der Phasenilvergang
Kristall zur Mesophase in der Dimension der Kristallite erfolgt und die Orientierung sowie die
Fragmentierung der Lamellen in lamellaren Dimensionen auftritt; wahrend Kavitationseffekte
in gréReren Dimensionen stattfinden. Obwohl umfangreiche Arbditechgefiihrt wurden,

sind einige Probleme weiterhin in der Diskussion wie zum Beispiel der Zusammenhang von
Lamellendeformation und Kavitationsverhalten, die Rolle des Phasenliberganges bei der
Entstehung von Voids und andere Fragestellungen. In diesezit Aslurden definierte
Mikrostrukturen durch Temperung und Verwendung von Nukleierungsmitteln hergestellt.
Anschlielend wurde die Strukturentwicklung bei drei unterschiedlichen mechanischen
Belastungen (uniaxiale Dehnung, Kriechen, Spannungsrelaxation)elsmitinsitu

Rontgenstreuung am Synchrotron beobachtet.

Es konnte erstmalig gezeigt werden, wie die Lamellendeformation in der uniaxialen Dehnung
in den Zeitskalen des intralamellaren Gleitens und der Rekristallisation stattfindet;
gekennzeichnet durch arkritische Deformationen, bei denen nur selten ein Einfluss des
Temperns beobachtet wurde. Deformation | (eine Heilmxprmation von 0,1)
kennzeichnet das Ende der elastischen Deformation und das Einsetzen des intralamellaren
Gleitens. Deformation Il gine HenckyDeformation von 0,45) markiert den Beginn des
Rekristallisationsprozesses, bei dem die Langperiode in Dehnungsrichtung beginnend vom
Maximum abnimmt und die Polymerketten in den Kristalliten beginnen sich in
Dehnungsrichtung zu orientieren. Dzem Schmelzen bendtigte Energie resultiert aus der
Reibung zwischen den Lamellenfragmenten. Deformation Il (eine Helbekyrmation von

0,95) definiert das Ende des Rekristallisationsprozesses. Bei der Deformation oberhalb von
0,95 bleiben die Langperiedund die KristallitgréRe nahezu unverandert. Bei weiter
zunehmender Dehnung bewirken die durch die Lamellen verankerten Ketten die
Dehnverfestigung. Andererseits senkt das Tempern signifikant die kritische Deformation flr
die Bildung von Voids und erholiie Anzahl der Voids, wobei aber die Gréf3e der Voids

begrenzt wird. Bei den Proben die bei Temperaturen unter 90 °C getempert wurden, werden

v



die Voids zwischen kritischer Deformation 1l und 11l gebildet. Diese Voids werden wéahrend
ihrer Entstehung in Dehngsrichtung orientiert. Die Proben, welche bei Temperaturen grol3er
als 105 °C getempert wurden, zeigen die Entstehung der Voids zwischen kritischer
Deformation | und Il.Diese Voids sind anfanglich mit ihrer Langsachse senkrecht zur
Dehnungsrichtung orielert und werden dann durch Koaleszenz der Voids in
Dehnungsrichtung orientiert. AuRerdem beeinflusst die Bildung der Voids nicht die kritischen
Deformationen fur die Lamellendeformation, die endgultige Langperiode, die Orientierung

der Polymerketten oderadKristallitgrof3e.

b-iPP ist eine spezielle metastabile Phase, die unter definierten Bedingungen erzeugt werden
kann. Bei der Einstellung der Morphologie von  NDicyclohexyt2,6-
Naphthalendicarboxamid (NJS) durch Selbstorganisation kann der relatigg Viart b-iPP

(Kp) erfolgreich gesteuert werden, unter der Bedingung dass der Gewichtsanteil von 0,3 %
NJS eingehalten wird. Die Entwicklung der Mikrostruktur der iPP/NJS Proben mit
unterschiedlichenKg wurde wahrend der uniaxialen Dehnung untersucht. Ebgebnisse
zeigen, dass ein hoherKg i Anteil die Anzahl der Voids erhéhen kann. Hingegen ist die
GroRe der Voids unabhangig von der Morphologie des NJSbiDdPhaseniibergang findet
nach der Entstehung der Voids statt. Wahrend der intralamellaren terthrrellaren
Gleitvorgange kann keine bemerkenswerte Orientierung der Polymerketten UG@im
nachgewiesen werden. Im Dehnungsbereich von 0,1 -te@diert diec-Achse derb-iPP
Kristallite zu einer Orienterung senkrecht zur Dehnungsrichtung. Dies auirdh eine
Verdrehung der Lamellen verursacht, welche ein typischer Deformatiosmodub-i?éh
Lamellen ist. Es wird angenommen, dass die Verdrehung der Lamellen verantwortlich fur die
intensive Bildung von Voids bei Proben mit h6hetegist.

Beim Kriechen kann die Veranderung der Langperiode in vier Stufen unterteilt werden
(primares Kriechen, Ubergangsstufe, sekundares Kriechen und tertiares Kriechen). Diese
Stufen stimmen sehr gut mit den makroskopischen Verschiebungen und der Veranderung de
Dehnung Uberein. Beim priméren Kriechen vergrof3ert sich die Langperiode entlang der
Belastungsrichtung®d ) mit der Zeit infolge der Dehnung der amorphen Phase, wobei die
Langperiode senkrecht zur Belastungsrichtung Y schwach abnimmt. Wahrend e
sekundéren Kriechens steigt die Deformation linear mit derZeitnd) weisen die gleiche
Tendenz in Abhé&ngigkeit von der Deformation auf. Die Zunahme der Langperiode wird durch
eine Verdickung der Lamellen hervorgerufen, welches eine Forkodgerativen Bewegung
der Molekulketten mit ihren Nachbarn auf der Lamellenoberflache ist. Da die Wachstumsrate
\



vonl ist groRer als die vod ist, ist dies ein Hinweis darauf, dass die Orientierung der
Molekdulketten in Beanspruchungsrichtung dieeEgiebarriere fir die kooperative Bewegung
erniedrigt. Beim tertidren Kriechen steigt die Deformation sehr stark flr eine begrenzte Zeit.
Die Lamellen werden gebogen und gedreht und letztendlich zerbrochen. Zuséatzlich entsteht
eine fibrillare Struktur watend des Zerbrechens der Lamellen. Die Lange der fibrillaren
Struktur erhoht sich von 364 nm auf 497 nm wobei die Dicke von 102 nm wahrend der

Kriechzeit konstant bleibt.

Wahrend der Spannungsrelaxation verhélt sich die lokale Deformation der Langpéiiode a

zur makroskopischen Spannungsrelaxation. Hingegen bleibt die Veranderung der kristallinen
Orientierung und der GroRe der Voids hinter der makroskopischen Spannungsrelaxation
zurtick. Die Abnahme der Langperiode wird hauptsachlich durch die Relaxagion d
gedehnten Polymerketten in der amorphen Phase verursacht. Die verzogerte Veranderung der
kristallinen Orientierung ist wahrscheinlich durch den Phaseniibergang vom statilen

zum metastabilemesomorphen iPP bedingt. Wahrend des Phasentubergandegaginoch
orientierte iPP zum gering orientiertemesomorphen iPP umgewandelt. Infolge der
Tatsache, dass die Voids durch das Netzwerk der gedehnten Polymerketten begrenzt werden,
wobei die lamellaren Blocke als Verankerungspunkte dienen, tragt deeni@basgang
erheblich zur viskoplastischen Deformation des Netzwerkes bei. Infolgedessen zeigt die

Veranderung der GroRRe der Voids den gleichen Trend wie der Phasenibergang.

Mit dieser Arbeit wurde eine vertiefende Einsicht in die Struligenschaftd8eziehungen
von teilkristallinen Polymeren erreicht. Diese Arbeit will nicht nur das
materialwissenschatftliche Verstandnis von Polymeren bereichern, sondern auch als Anleitung

f3r Verarbeitung von teilkristallinen Polymeréetr technische Anwendungen dienen.

VI
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1 Introduction

1.1 Isotactic polypropylene (iPP)

Polypropylene (PP) is a thermoplastic polynfsee Figure 1-1). Due to its outstanding
properties, such as low dielectric loss, good heat resistancégxioity and good mechanical
properties,PP has beensed in a wide variety of applications inclogicables, packaging,
and automotive componetjts-3] PP was polymered by G. Natta in 195@] And according
to a survey byPlasticsEuropethetotal European plastic demafat PP was abot@.5 million

tons in 2086.[5]
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Figure 1-1 Europearplastics demand by polymer type &]5]

1.1.1 Chain structure of PP

The structural unit of PP is shown fhigure 1-2. Depending on the position of the methyl
group with respect to the chain backbone, PP can be dividedhrge types including
syndiotactiePP 6€PB, atacticPP (aPP), and isotactiRP (iPP). sPP: the position of methyl
groups is alternated regularly; aPP: the position of methyl groups is randomly distributed; iPP:
all methyl groups are locatesh the same side. Due to its high regularity, iPP crystallizes

easily under common processing condition compared with the other two types.
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Figure 1-2 The structural uniof PP, and schematic illustration dfreetype configurationsof
PP. syndiotactiePP &€PB, atacticPP (aPP)and isotactid®P (iPP)
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1.1.2 Crystal forms of iPP

As a kind of polymorphic semicrystalline polymer, iPP has several crystal forms: monoclinic

Ui PP, t r-iii RYPo,n a b r tbh-i®R, hamdnmresomorphiéPP [6, 7]. The chain
conformation for each crystal form is thel#lix [8]. The difference lies in how the chains

are packed in the unit cell. The methylgroapsp o si t i oned fAupo and fAdo
packed as a Al efto or dAright o0 Fibuserl-@ grebentsal i x c
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Figure 1-3Left shows the helical structure of |1 PP
group (black spheres). Right is th@mehelix in a triangular baiSeeRef. [9].



UiPP is thermodynamically stable and is the most encountered doming polymer

pr oc e siBH ismmgetastable and can be induced only under special cosditiystallize

under pressurgl(], the temperature gradiefitl], the flow field [12, 13], or by adding a
nucleatingagent during crystallizatiofiL4]. ThegiPP is relatively rare, however, it is favored
when iPP crystallizes under elevated pressure or the isotactic sequence length is
interrupted.15] The mesophase can be formed by quenching from the melt fast enough. For
instance, such a condition can be reached by qirenthe melt below GC with a cooling

rate larger than 8R/s[16]

The crystalline structures df-i P P-j P B, -i@Pnade illostrated inFigure 1-4. The

mo n o ¢ l-iPPnhasca unit cell withk=0.665 nmp=2.096 nmc=0.65 nm and®=99.2. Each

unit cell contains 4 polymer chains with chain axes aligned parallel todghe i s .-iPA he U
can be described by an alternation of layers parallel tatfigane and composed of orisft

handed (L) or right handed (R) helix. The methyl group in both helices can be positpned

(up) or down(dw).[17] T h e t r -IPB ownsd unitbcell wit=b=1.103 nm,c=0.65 nm,

and g=12(P.[8, 18] Threeisochiral helices coexisti t he unit cel I-PP The o
exhibits a unit cell witha=0.854 nm,b=0.993 nm and c=4.241 nm.19] 2-iPP is the first

identified crystaform where chains in the unit cell are nparallel packed.

- AAVA

S NRVAV a-axis A |
WNAN VVAVV VWAV i3] 1

= VvV . VVAVYVY

a-iPP, monoclinic crystal f3-iPP, hexagonal crystal y-IPP, hexagonal crystal

L L E R L L R

Figure 1-4 lllustration of different unit cells of iPR. is short for left handed and R is short
for right handed helix. Up or dw means that the methyl group in the helix is positioned up or
down.SeeRef.[20]

The mesophase of iPP contains parallel helices with the sameh@8 in the crystalline
phasd.7] Two characteristic halos existed on the WAXS pattern of the mesopbiase:
locates at a spacing of about 0.59 nm, corresponding to the distance between parallel aligned
chains, and the other one isatdistance of 0.41 nm, originated from the repeating period

within the helice$21] The inerpretation about the WAXS pattern of the mesophase is still
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under debate. One assumes the presence of small crystallites of hexagonal [22u2)re
but the other one prefers that the lateral local correlation of chain segments in the mesophase

is closer to monoclinif24]

1.1.3 Lamellaeof iPP

The most common morphology of iPP under melt processing condititre iemellarlike
crystallite. The chains are arranged +n the
i PP aP® golyfmer chainsdg-axis direction) are aligned perpendicular to éfeplane of

t he cr yiBR, polymer dhains are inclined wian angle o t itwith respect to the

normal direction othe lamellag19]

The crystalline morphology of iPP is schemedrigure 1-5. The lamella is surrounded by

two adjacenamorphous phaseThe amorphous phase and the lamella are connected by chain
loops, tie chains as well as chain cfzh] Polymer chains between the lamella and
amorphous phase are highly coupled with the crystals in the langgliag rise to the
existence of an intermediate phase. To be clarification, the intermediate phase and amorphous
phase is also named as rigid amorphous fraction (RAF) and mobile amorphous fraction
(MAF).[26] RAF and MAF were first termed by Wunderlich while investigating the glass
transition of poly(oxymethylendg®7] Polymer chains in MAF mobilize at the glass transition

temperatureT), while polymer chains in RAF mobilize at temperature higher Tgan

g—\-\ { \‘ ﬁ\\ N . 7} 50 (1% Lamella
"Sﬁ;\’(\\_? / \/C\\'\ f?l\\} 'IL( & Intermediate phase
Jj{\( 2@ \é{\ ]]\ \I J ™~ Amorphous phase

s d ) :
O o
® Chain cilia

Figure 1-5 Schenatic drawing of the morphology oflamellae, amorphous phase and the
interface between them.

1.1.4 The morphology of the suprastructure of iPP

Depending on the flow conditions (quiescent or flow induced crystallization), the presence of

the filler (nucleating ageninorganic additives, fibers etc.), iPP may exhibit spher{2&: 29



cylindrites[30] transcrystalline structuf®l] shishkebab[32] and extendedhain
structure[.33]

1.2  Structural evolution during deformation
1.2.1 Deformation process of semicrystalline polymers

Under mechanical loadhe morphology ofsemicrystalline polymerss transformed from
either homogeneougthe core region of injection mié¢d sample, theompressiormolded
sample) or heterogeneous (the skin region of injection molded sample, melt blowing films,
fibers) to highly oriented structure at large straihghe stretching temperature is above the
glass transition temperatur@4, 35] In the early stage of deformation, the stress increases
almost linearly with thestrain seeFigure 1-6. The macroscopic deformation consists both
amorphous phase and lamellae microscopic deformg@&n.The deformation in the
amorphous phase is easily activated bud tapidly exhausted due to tHd#ferent alignment

of crystalline lamellae with respect to the deformation direction. The deformation in this stage
is mainly interlamellaeseparation and slip. At the end of tleear regime the sample is
subjected to aan-linear deformation which is caused mainly ibnyerlamellarslip.[37, 38|

Upon further stretching, the stress reaches a maxivalnewhich is normally labeled as the
yielding point. The yieléhg point marks the beginning of plastic (irreversible) deformation.
After yielding, the stress suffers a slight decrease, generally due to the localization of strain

and necking. The plastic deformation will be the dominant process until breaking.

: Before deformation

: Non-linear deformation
: Yielding

- Neck propagation

: Strain hardening

: Breaking

Stress (MPa)

OO WNPE

0 200 400 600 800 1000
Strain (100 %)

Figure 1-6 Engineeringstressstraincurve of iPP stretcheat 135°C. Thecrossheadpeed is
50 mm mir.



Up to now, two distinctly different mechanisms have been suggestethefgiielding of

semicrystalline polymers.

The first concept was initially proposed by Petergfij:the emission of dislocatiorisom the

edges of the lamellae across the narrow faces and their travel across crystals via
crystallographic slips. This idea was further explored by G4} and Yound41l] The
crystallographic slips mechanism was evidenced by different researchers in tpE2{aakt.

The basic mechanism of crystallographic slipseatially involves the glide of dislocatigns
which are already present in the lamellar crystals or are nucleated at the boundary of a crystal
upon application of a stress level abavéhreshold valueeachedat the yielding point. For
polymers, the intrinsic nature of chaimolecules necessarily entails slip systems with slip
planes parallel to the chain axes and slip directions either parallel (chain slips) or
perpendicular (transverse slips) to chain g%d.In addition, because of the presenof

chain folds, slip planes parallel to the basal planes of the lamellar crystals containing the chain
folds are generally preferrethecause alip in these planes does not disrupt the folding
scheme at the crystal surfac@sslocation theory predictéhe correct order of magnitude of

the yield stress that agrees best for the Burgers vector of dislocations equal to the
crystallographic unit cell dimension along macromolecular cH&@lsHowever, thereare
experimentakvidencs that the yield stress of semicrystalline polymers depends not only on
crystal thickness but also on the degree of crystalljpidy52, 53] The increaseof theyield

stress has been observed together with the increase in thickness of the iorylséatample
However there are difficulties to maintain the same degree of crystallinity in samples
together with varying crystal thickness. In the case of polyethylene such relationship is
observed for a certain range of the crystals' thickness, up to 40 nm, while abdsescthihe
increase of crystal thickness is not accompanied toyther increasén yield stres§54, 55]

The authors of theabovementionedarticles explained the observed relationship by the
presence of a new, effective source of dislocation, active in thick crystals and at low

temperature but inactive in thinner crystals.

The secondnechanism for yielding connected with ronystallographic charesg, related to
destroying crystals and resulting in a new crystalline ordering of the material, irrespective of
the original structure but characteristic for the temperature of deformation was proposed
later[56-60] It was suggested that during deformation an adiabatic heating occurs when
accompanied by the applied stress, partial melting and recrystallization takef6pjdtaas

also suggested that raising the temperature is not a necessarioododipartial melting and
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recrystallizatior[62-64] Those experiments and considerations did not, however, established
at which elongation a partial melting and recrystallization are initiated nor did nottpttesli
correct order of magnitude of the yield strd3aspite numerous studies being carried out, the
mechanism®f plastic deformation of semicrystalline polymers due to complex, hierarchical
architecture of such materials still require more detaileéared. The deformation of a
semicrystalline polymer is a processiich we should take into account the presence of
crystalline lamellae as well as amorphous layers lacking order. At temperatures at which
amorphous phase exhibits rublike properties (abee the glass transition temperature), it is

in the interlamellar regions that the initial stage of deformation takes place.

1.2.2 Cavitation behavior of semicrystalline polymers

Cavitation behaviois found in many semicrystalline polymers, including BB, 66] PE[67,

68] poly(1-butene) (P1HPY|, etc, when these polymers are stretched above their glass
transition temperaturéstress whitening can be regarded as the scattering of visible light by
voids detected by naked eye. As the size of the voids exceeds 0.5 pm, most of the visible light
shed on th sample will be scattered, transforming the sample from transparent one to opaque
one. In thepioneeringwork by Peterlid,70] randomly distributed cracks were found in the
neck region of PP specimen. In adulitj the formation of small cracks was reported to arise
earlier than macroscopic stress whiter[ingj. Recent works about the cavitation behavior of
semicrystalline have been reviewed excellently by Pawlak, Galeski, and RdZd&hski.
Generally, avitation behavioof semicrystalline polymersan be influenced by many factors
which can be divided into two groups. One of them is attributed to experimental factors such
as stretching temperature and stretching speed. Generally, a lower stretching temperature or a
larger stretching speed favors dsi formation. Another group is attributed to the
microstructure of polymers, fanstancethe crystal form, the thickness of lamellae, as well as

the state of the amorphous phase.

1.2.2.1 Role of crystal form

Aboulfafaj et. al73]f ound t hat und e r-iPR spherslites exhibdeel & lorittlana t i o
failure. The cavitation appeared at boundariespbfeulitesor at the region perpendicular to
the tensile diretion. However, no cavitation could be observed inglmmplec o mpr i-si ng D
i PP s p her 4PP sphesutites warehdeforfmed plastically up to large deformation. Chu
[74] prepared iPP films containing more than%0 -#P. These samples crystallized under
either isothermal or neisothermal conditions. The porosity of the stretched films, which is
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caused by the existence of voids, was determined. The results showed that the porosity of a
film increased with the dveing ratio. The voids observed by scanning electron microscopy

(SEM) were elongated along stretching direction and confined by the fibrillary structures. The
formation of numerous voids was proposed to be caused by the volume contraction of the film.
b-iPPbel ongs to a met-Bstphalalse phanesf os matai obn w
def ormati on. J PP desn shiit ggh exiPP.t Thexefore, tahvaltime o f b
contraction occurred and led to the formation of voids in the sample. The more pronounced

ss ress whi t e n-iPRnchiBRshnaples was also aonfifmed by Paydak.

1.2.2.2 Role of lanellae arrangement

| n-i PP, the | amel |l ae ar ehaarcrhaendgoe ds tirnuca uu ei
lamellae grow 8Dinclined to the mother lamelld8] Nitta et al observed that cavitation

appears earlier if there were more tangential lamellae in a single spherulite. Otherwise,
Pawlak found that the reduction of tangential daughter lamellae would advance the formation

of voids[72]

1.2.2.3 Role of crystallinity

By annealing, Na et. grepared PP samples with crystallinity ranging from 48 to 56 %. The
cavitation behavior of the sample was investigated by measuring the volume increase. The
results showed that in annealed samples the cavitation behavior was significantly intensified
dueto the increased stress concentration $it6sBoger examined the caation behavior of
metallocene PP with crystallinity ranging from 0 to 62 %. For the sample with crystallinity
higher than 36 %, the signal originated from a fibrillary structure showed up on the
synchrotron SAXS as the elongation ration is larger thdn13. c a-&PE, arméaling could

advance the appearance of cavitafio.

1.2.2.4 Role of the thickness of lamellae

Generally thinner lamellae would prevent the formation of voids. The reason responsible for
that was proposed by Seguela: a thinrmmdlla bears a larger tie chain density, which
transfers the load to lamellae in a better way laadsto the plastic deformation of lamellae

instead of the cavitation in the amorphous ph@gE.



1.2.2.5 Role of lamellae orientation

The cavitati on biEefhvwas investigatedf by Bao et@#) The damfples

were cutfrom extruded sheets and the deformation direction is pataltel t he or-i ent at

iPP lamellae. Their results proved that at temperatures lower tha&€110 t he or4i ent at

iPP is almost unchanged durimeformation,and void forms before fragmentation and

reor i en tiPRtAs thendeformatidn tempeustrisent o 1 3 0 a niBP rdodeit AC, f
gradually wupon stretching, and the size of

fragmentation takes place at high stretching temperature.

1.2.2.6 Role of the state of amorphous phase

Pawlak and Galeski comparedetitavitation behavior of PP characterized with similar
crystallinity and crystal thickness bdifferent molecular massex 400 and 250 kg/mol. It

was found that the sample having lower molecular weight showed more intensive cavitation,
as a result of racced number of entanglements in the amorphous pA8s&ozanski and
Galeski extracted the additives in the amorphous phase byk@ii® and also by a mixture

of nonsolvent. Their results showed that purified PP exhibited more intense cavitation than
pristine PH80] The intensified cavitation process in the purified samples was caused by the
changes in free volume by eliminating low fractions and soluble additives in the amorphous
phase, indicating that the nucleation of voidssted in the material itself in contrast to
heterogeneous nucleation on foreign substances. In their later work, it was proved that only
partial filling of the free volume pores of the amorphous phase with low molecular weight
modifier leads to a decreasd mtensity or complete elimination of the cavitation
phenomenop81]

1.3  Synchrotron X-ray scattering
1.3.1 X-ray and its sources

X-rays, a kind of electromagnetic radiation (d&gure 1-7), is also named as Rontgen
radiationafter Wilhelm Réntgen who discoveredrays in 189982] Since that time, Xays

has been employed in the field of materials science as-dastructive analytical technique.
Traditionally, X-rays are producedybX-ray tubeswvherethe electronsemitted from cathode

wire, are accelerated by an electric voltage befotenbithe target. The wavelength ofrdys
produced by Xray tubes depends on the target material. For instance, the characteristic
wavelength othe X-ray produced is 1.54 A by Cu target, and 1.79 A by Co target.
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Soft X-rays yrays

Visible light Hard X-rays
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Wavelength 1Tpym 100nm 10nm 1nm 100pm 10pm 1pm 100 fm
radiation

Figure 1-7 Categories of electromagnetic radiation.

The main disadvantages ofrdy tubes aréheir low intensity, low brilliance, androad focus
(around 2 12 mm)[83] In themid of 1970s the limitation of Xxray tube was overcoendue

to theavailability of the synchrotron radiatidinom ring acceleratorsvhere electrons orbiting

in a magnetic field lose energy continually in the form of electromagnetic radiation. The first
synchrotron light source was the Standford Synchrotradid®ion Laboratory (SSRL) build

in 1977[84] Nowadays, a few synchrotron radiations have been set up all over the world and
the synchrotron radiation has been developed into the 3rd generation, to name a few,
European Synchrotron Radiation FacilitiESRF) in Francgs7] Deutsches Elektronen
Synchrotron (DESY) in Germany (sBeure 1-8), [85 and Shanghai Synchrotron Radiation
Facility (SSRF)[86] in China etc. At PETRA Il oDESY the size of the Xay beam an

reach a few micrometers and the exposure fgnm the range omilliseconds. The high
spatial andime resolution of synchrotron Xay source enables the scientistpé&sform in

situ X-ray scattering measurements combining complicate thermal/mechanical environment.

Figure 1-8 PETRA IlI, the 3 generation of synchrotron light source at DESY Germany.
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1.3.2 The interaction between Xraysand objects

As X-rays interact with an object, they can be absorbed or scattered. For the scattering of X
rays by a single free electron, assuming elastic scattering the wavelength of the scattered wave
is the same with that of the incidemme. The relation between the scattered wavand

incident wavek; follows,
F F—AgDa Equation (1-1)

where—— 1,1 is the electron radius, which equals 3.34“ A.[87] r is the position of

the electron and is thescattering vectoiThe magnitudef the scattering vector is
n —i Q¢ — Equation (1-2)

—is the scattering angle. In additiongoanother scattering vectsis also widelyused in the
field of scattering,

A C'V Equation (1-3)
Theefficiency of the scattering process could be described by the differential scattering cross
section Q ,Q ),[87] which is given by

— — ¥ivy Equation (1-4)

SF §
, 1S total scattering intensityyis the solid angl€Q is measured scattering intensity, i.e. the
number of scattered photons recorded per second by the ddgectmfines thenumber of
photons passing through unit area per secandR is the distance between the object and the

detector.

Depending on thdistance between the object and the detector, the scattering experiments can
be divided into four subareas, which are wahgyle Xray scattering (WAXS) containing the
classical Xray diffraction, middle angle Xay scatteringNIAXS) covering the charaatstic
scattering of liquiecrystalline structure and rigicbd polymers, small angle-Ky scattering
(SAXS) comprising the typical nanostructure in semicrystalline polymers and thermoplastic
elastomers, and ultemall angle Xray scattering (USAXS) extieling the detection range to
micrometer scalf83] Considering the scope of this chapter, SAX#8l be emphasized
especially. SAXS comprises the scattering angle rgrge ¢ . In this range, structures with

the size of 1~500 nm can be detected, covering the size of lamellae and small voids.
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1.3.3 Wide angle Xray scattering

A crystalline material isbuilt by regularly repeating the unit cell. The points at which the
origins of the unit cell are located form a lattice which existhree dimensiong:igure 1-9
presents a 2D rectangular lattifer simplification) which can be described by a set of

vectorsR,, with

4. ¢F+ ¢+ Equation (1-5)

where$ and< are the lattice vectors, agd and¢ are integers.

Miller indicesareusually used to specify families of planes in a crystal. For a given family of
planes, the Miller indiceshk) refers to the plane which is closest to thiagio and has
intercepts § 7Q& Q& 79 on the axes¥ , ¥ , ¥ ). As an example, (1,2) planes on the 2D
lattice is pointed irFigure 1-9. Since that therystalplanes are equally spaced, so the lattice

spacingQ can be calculated. For instance, dhepacing of a cubic lattice is given by

Q — Equation (1-6)

wherea is the lattice parameter.

When Xrays interactwith lattice planes with a spacing df the requirement that the path
lengthof the interfered scattered wavés an integer multiple of the wavelength leads to the

welkk nown statement of Braggbs | aw:

CQi Q¢ — Equation (1-7)

Bragg's law
E, A=2dsind E,

o
2
f | '
1 2
& I .
31 (1,2) planes
Figure 1-9 2D-crystal lattice ir e a | space as wel |l aBretels® scher

the incident Xray andg; refers to the scattered-tay.
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Foll owi ng Br thegdgfrdcion pegpksaused loy the interferensbould come out

as infinitely sharp poinlike peaks. Howewe in reality the peaks are observed to have a
certain width. Besides instrumental broadening, the reasons for this can be imperfections in
the crystalline stacking (e.g. due to strains) or a finite size of the crystfBifieshe Scherrer
equationrelates the width of the crystalline pekto the size of the crystallitt  normal

to the scattering planéKl):

.'.

- Equation (1-8)

K is a constant of the order of 0.89.

1.3.4 Small angleX-ray scattering

In SAXS measurement,-Kays detect the electron density differei¢e and themeasured

scattering intensity©Q) is
OV Y os Vvs Equation (1-9)

v is the form factor and is the volume fraction ofhe region with different electron

density(for instance the lamella in semicrystalline polymers, the voids during deformation,

and fishishod structur e dulyiisnthg radius efayratian ofdhe c e d ¢

polymer chain In the extremely small scattering angle ran@é,© T,

o p — Equation (1-10)
and the initial intensity decay i s approxi ma
O i Yo p — Yo p —
O nmA@brt Yi Equation (1-11)

The scatteringnvariantQ which is independent of the shape of the scatters,

~

0 a ‘: ovAvYe Y v p Equation (1-12)

The pattern of SAXS measurement depends orstitueturalunits of the material. For the

material with theperiodically stacked structuréanellae in semicrystalline polymers) inside,

the pattern exhibits domogeneous i ng esrpofitswo depending on th
lamellae. For the material wittihe orientedelongated structure for instance extended chain
structure (shish induced byofl/) as well as voids, a streak scattering will show up in the
pattern.
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1.3.4.1 Ruland streak method

Considering a perfect orientation of tleglindrical structures, Ruland89] proposed the

integral breadtld i  of the elongated structure measured as a function dbllows

6 i . 0 H Q9 140 hrt Equation (1-13)

i is the scattering vector perpendicular to the reference direction (stretching or shearing
direction),i is the scattering vector along the reference diredftum.average leng®Obf

the elongated structure is
o —— Equation (1-14)
If misorientation has to be taken into account, the orientation distribution of the streak must

be considered, then the apparent azimuthal integral breadth

6 O — 77 Oh Qe Equation (1-15)
depends on the width of the peak on the azimuthal intensity distribution curve. The evolution

of6 O as a function o§follows

(o N — 55 O Equation (1-16)
if a Gaussian can describe the orientation distribution.describes the inevitable

instrumental broadening aid is the true integral breadth of the orientationréhsition. Or

0 — [0 Equation (1-17)

50

if a Lorentzian fits the orientation distribution.
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2 Motivation and objectives

Semicrystalline polymers comprise a large part of polymer materials, including mainly
polyethylene (PE), polypropylene (PP), polyamide (PA), polyimide (PI), et al. They are used
in the field of packaging, textiles, automotive components, engineeringcpfests, and
medical devices. The mechanical properties of semicrystalline polymers are a particularly
interesting topic, which is of great scientific and industrial importance. And the relationship
between structurproperties of semicrystalline polymeiss a key issue in polymer physics

and polymer engineering. Sin@@60s numerous studies have been performed attempting to
shed light on the relationship between strucpneaperty of semicrystalline polymers, but the
mechanism behind that remains an opgpic due to the following three aspects: 1). The
multiscale structure and morphology of semicrystalline polymers themselves (chain structure,
crystal structure, lamellae morphology, etc.); 2). The multiscale structural evolution happened
during deformatia (for instance the lamellae fragmentation, mehiegystallization,
orientation, cavitation); 3. Distinct different mechanical load modes (uniaxial stretching, creep
test, stress relaxation test, etc.) used in the test. The main obstacle for the Htedgdking

of in-situ characterization technique which can capture the structural evolution under

mechanical load in different scale simultaneously with sufficiently temporal resolution.

Synchrotron radiation sources are employed in polymer science increasingly in the past 20
years. Due to the high brilliance, high flux, high stability, polarization and coherence behavior,
synchrotron Xray scattering can capture the structural change tengooral resolution of
millisecond In addition, by employing microcus synchrotron Xay scattering, a spatial
resolution ofmicrometerc an be realized. Whatdés mor e, by
sample and the detector, the structural evolution ranging from aamfgstroms to a few

micrometers can be detected.

IsotacticPP (iPP), one of the frequently used polymers in indugir@essing and scientific
research, is used as a model material in this work. The iPP samples witiefiredd
microstructure are obtained by annealing or adding nucleating agent. The structural evolution
under uniaxial stretching, creep, and stressxadlan tests are monitored by -situ
synchrotronX-ray scattering measurements. The interests in this work are focused on the

following topics:
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X The microstructure arrangement (lamellae branching and polymer chains orientation)
in a single iPP spherulite.

X The crystalline structure of iPP after annealing, including the lamellae thickness, the
long period, the crystallinity, as well as the mechanical relaxation behavior of polymer
chains in the amorphous phase.

X The lamellae deformation and cavitation behawibthe annealed iPP during uniaxial
stretching. The critical strains for lamellae fragmentation, met&oegystallization,
polymer chains orientation, and the critical strain for void formation. And lastly, the
relationship between lamellae deformatand cavitation behavior.

X The selfassembly behavior of the nucleating agent (Miyclohexyt2,6-
naphthalene dicarboxamide), and its influence on the rheology and crystallization
behavior of iPP.

X The cavitation behavior, lamellae deformation, as welt d8seU bphase tr ans
during uniaxial stretching of iPP containiddferentc ont e4PP. of D

X The microstructural evolution including lamellar thickening and shish formation
during creep.

X The phase transition, evolution of long period, and cavitabiehavior during stress

relaxation.

At all, the focus of this work is to gain new insight into the struepuoperty relationship of

semicrystalline polymer and provide guidance for the processing of semicrystalline polymers.
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3 Samples preparation and bagc characterization

3.1 Materials and samples preparation

iPP (My=365 kg/mol,M,=67.6 kg/mol)used in this studys a polypropylene homopolymer
(commercial product name: HD120MO) obtained from Borealis GmbH, Linz, AuStnie
melt flow indexis8g/10min 230 2. 16 kg) .

Carbon fiber CF) with a trademark of T363@K was purchased from Toray Inc., Japan.

N,N'-dicyclohexyt2,6-naphthalene dicarboxamide (NJS), kindly provided by Rika
International Limited (Oldham, U.K.), wassed as the nucleating ageNA in this study.
The weight content of NJS in iPP/NJS composites is 0.3 %, and the composite was mixed by

a single screw extruder.

3.1.1 Preparation of iPP films with single layer of spherulitesand transcrystalline

regions

A piece of iPP filmandtwo perpendiculaiCFs were placed between two coverslips in a
isandwikehdo arrangement f ol°C withe leatibgyrateho1®tKi ng u
min™. As the flmwasme | t total |l y, it was SQanglkegfrd sl owl
min to fuly erase any thermal history. Subsequently, the film eased to 138C with a

cooling rate of 1 min™. Upon reaching 138C, bothCFswere pulled a few millimeters
manuallyto inducetranscrystallinearound the CEgAfter that, thefilm was crystallized at 138

°C for 20 min, and then at 13C for 30 min.

3.1.2 Preparation of iPP plates crystallized with different thermal histories

iPP pates with a thickness of 1 mm were prepared by compression molding in the following
procedure: firstly, the plas from injection molding were kept at 230 for 10 min to fully

erase any thermmechanical history. Afterward, the plates were cooled by wateiQjland

kept at room temperature for 48 h. Then wWadercooledplates were annealed invacuum

oven (Thermo Scientific, USA) under 76, 90°C, 105°C, 120°C, and 135°C for 6h. For
clarification, the plate without annealing was named PPna and the plates with annealing were
named PPZFt with T, refers to the annealing temperatuaedt refers to the annealing time

For instance, PP76 means that the plate was annealed at7for 6 h. The plates with an

annealing time of 6 h were also named as HA&Tshort, forinstancePP75.For comparison,
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iPP plates crystallized directly from the melt were also prepdree.samples prepared by

melt crystallization were named &FMT..

3.1.3 Preparation of iPP/NJS plateswith different morphologies of NJS

Two compression molding machines were employed at the sameto realize the heating
protocol as followsfirstly, the extruded iPP/NJS composite granules vieated from room
temperature to a final heating temperatdig \With the heating rate of 30 K/min, then kept at
T; for 15 min. T used in this study was 26, 270°C, 280°C, 290°C, 300°C, and 310C.
Secondly,the iPP/NJS composite wasnsferred to anotherompressiormolding machine
which was pre-set at 160 °C, then kept for60 minutes For clarification, the iPP/NJS
composie with differentT; was named iPP/NJSOB. For example, iPP/NJS@3%60 means
that the sample was treated witfof 260°C. The thickness of thglatewas 1 mm.

3.1.4 Preparation of microinjection molded iPP/NJS sample

To get the microinjection molded specimettse compositeswere microinjection molded
with the following parameters: the barrel temperature is ZB0the mold temperature is

25°C, and the injection molding speed is 25%s1The thickness of the sampk0.3 mm.

3.2  Characterization
3.2.1 Differential scanning calorimetry (DSC)

The melting behavior of the sample wawaracterizedhy DSC measurements on Q2000 (TA
Instruments, USA). The instrument was temperature and melting enthalpy calibrated by using
indium asa standard before the test. Dry nitrogen was used as a purge gas at a rate of 50 mL
mntduring the test. A 5 mg sampl e s3@°loed i n
20 with a heat i''nThe aystdllirity K.6so) colld b¥ caleuilated by

e

@ p T Equation (3-1)

S‘/ r4
whereY'O andY'TG are the fusion enthalpy and the equilibrium melting enthalpy of samples,
for iPPY'C is 207 J ¢.[90]

To get the recrystallization behavior of the samplefemperaturenodulated DSC (WDSC)
measuremest were performed on the same instrumemhe parameterdor TMDSC
measurementsere as follows: the temperature amplitude is 0.318 K, the oscillation period is
40 s, and theeatingr at e i's. 2 K min
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Figure 3-1 (a) Q2000 (TA Instrument) to detect the melting or recrystallization behavior of
the sample(b) ARES G2 (TA Instrument) for dynamic mechanical analysis and rheology test.

3.2.2 Dynamic mechanical analysis (DMA)

The mechanical rakation behavior othe samplevas tested with an ARES G2 rheometer

(TA Instruments, USA). The sample with a widthldf mm and a free length of 10 mm was

cut from the 1 mm thick plate. Nitrogen was used as the heating gas during the measurement.
Each testwas started 4 min after the sample was inserted into the rheometer to ensure the
attainment of thermal equilibriunRuring the temperature sweep teste angular frequency

used was 1 rad’sthe strain amplitude was 0.05 %, the temperature range evas7® °C to

160°C, and t he he at'iDunngthedemperawrreguebcy sveep tests, the
specimens were scanned from 0.05 rados100 rad ¢ at different temperatures7Q °C to

160°C in steps of 5C).

3.2.3 Scanningelectron microscopy (SEM)

The SEM measurement waoneon Zeiss Ultra Plus (Germany) with an accelerating voltage
of 3 kV. Before the SEM observationparmanent etching meth¢é1] was usd to get the
lamellae morphology of the sampl&he etchingwas performedin a mixture of KMnQ-
H,SO-HNO; for 2-3 h, afterward the etched sample was spur coated with 6 nm layer of

platinum.
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Figure 3-2 (a) The field emission scanning electron microse@pltra plus, CarlZeiss,
Germany) (b) The polarized optical microscope (Axio Imager, Carl Zeiss, Germany).

3.2.4 Polarized optical microscopy(POM)

A polarized optical microscope (Axio Imager, Carl Zeiss, Germaqgy)pped with a hot stage
(Linkam TS1500, United Kingdom) was used to observe the morphological chainigd3

spherulite oNA self-assembly

3.2.5 Rheology test

Rheological measurements were performed on a rheometer (ARES2, TA Instruments, USA)
equipped withh 25 mm parallel plate geometry. The sample chamber was purged by a
continuous flow of nitrogen gas in order to avoid degradation of the composites. The linear
viscoelastic region of the sample was determined by a strain sweep from strain amglitude (
of 0.05 to 1000 % at an angular frequengy 6f 1 rad &. Then small amplitude oscillatory
shear (SAOS) tests were conducted from 0.05 to 100 radtls o of 0.5 %. Additionally, the
steadystate shear flow properties were also determined. For each sangpletinuous shear

flow with a constant shear rafe) (was applied until reaching a steady state.

The investigation about the kinetic of sh@stuced crystallization was also performed on the
rheometer according to the following procedure. The -Smeeping test withy of 10 rad &

andoof 0.25 % was performed to trace the evolution of the storage modiljusfil the end

of the crystallization process. The gap between the parallel plates was set at 0.5 mm initially
and adjusted automatically thrdwmpt the crystallization process to ensure the normal stress

change within £0.05 N for th&ccuracyof the test.
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3.2.6 Gel Permeation Chromatography (GPC)

The molecular weight of ustretched iPP and stretched iPP was determined by DAWN
Heleosll (Wyatt technology). The solvent used was 1;Ridhlorobenzene (stabilized with
0.1% BHT) and the flow rate was 1.0 ml idin

3.2.7 In situ synchrotron X-ray scattering measurements

In situ synchrotrork-ray scatteringneasurements were performed at the MiNaxXS Beamline

at Deutsches Elektronen Synchrotron (DESY), in Hamburg, Germany. The wavelength of the
X-ray was 0.106917 nm. An exposure time of 0.1 s and a time interval of 0.15 s were used to
realize a high time resafion without burning the sample b¥:ray during stretching. For
SAXS measuremenighe patterns were recorded by a Pilatus 1M detector (981x1043 pixels,
pi xel s i z &) arid The distafic betveen the sample and the detector was 4961 mm.
For WAXS meaurements the patterns were recorded using a Pilatus 300K detector
(4871619 pixels, D arnd ¢hke distance éetwien 2he $ample andnthe
detector wasround200 mm. Pattern preprocessing including masking and reconstruction of

blind areas &s performed by a selfritten subroutine on P\Wave from Visual Numerics.

3.2.7.1 Uniaxial stretching

The uniaxial stretching was performed on a custoatle miniature tensile machine designed
by Leibniz Institute of Polymer Research Dresden (IPF) for oslindies at the synchrotron.
Waistshape specimens were produced by CNC milling from the plates. During the
measurement, both grips moved simultaneously in opposite directions to keeptghbeam

at a fixed position on the sample. The temperature wasolled by a heating gun. In every
test, the specimen was stretched with a ehessl speed of 0.02 mrit.sThe local strain at

the X-ray beam position during the stretchiwgs determined optically by monitoring a grid
pattern (0.35 mm 0.35 mm) paintean the surface of the samplehe optical images were

taken every 1s during stretching.
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Figure 3-3 A schematic and a photograph of the experiment. The schematic can be also found
in Ref[92].

The Hencky strain is used as a basic quantity of the local strain, which is defined as

- o — Equation (3-2)

whered andY0 are the initial length and displacement of the painted grid pattern during

stretching, respectively. The strgss given as

<

v — P Equation (3-3)

where"Oandod are the instantaneous force and the initial cross section REigrae 3-3

presents aschematic and a photograph of tiresitu synchrotron SAXS and WAXS

experiment. The schematic can be also found i $&f.

Additionally, the stresstrain curve was also determined by a digital image correlation (DIC)
system (ARAMIS; GOM GmbH, Germanygspeciallyin the small strain region. To allow
for sufficient optical signal detection and to avoid heating the specimen during testing, the

light directed onto the specimen was provided by a cold light system Dedocool (Dedo
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