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General Introduction

Elastomers, a category of polymer materials, are widely used in engineering
applications Elastomers are appreciated due to their lar@ege of reversible

deformation even up to severalindredpercent strain Genedly, elastomersare

madeof flexible crosslinked and hidi entangled polymer chainSimpleelastomers,

however, usally suffer from a tradeff between fracture toughness and stiffness. A

pure highly crosginked polymer networkhasa high initial modulus buis generally

rather brittle. In contrast, a loosely crosslinked polymer netwsrlextensible and

possess a largange of reversiblelasticity buhasD ORZHU <RXQJYV PRGXOXV

In industy, a common approach to toughen polymmaterials isto use inorganic
nanofillers, including carbon black, silica, carborandubes, graphene etc.. Indeed,
this strategy improveboth toughness and stiffness by introducing new dissipative
mechanisrg, which involveattachment and detachmentaafsorbed chaingavitation
and breakup ofthe interactios betweenfillers. However, this approach reinfosce
elastomers bysacrifidng the transparency anidhcreasesthe density of polymer
materials, which limg ther application in some fieldswhere hgh purity,
transparency dow density may be desirabladditionally, the approacincreases the
difficulty of processng for product.

To circumvent the limitation derived from using nanofiller, lots of strategies have
been tried to reinforce elastont®y using pure polymer networks. The main idetis
incorporaé somemolecularmechanisra that dissipate energin large deformations
anddelocalize the damage ahead of cracks delaying their propagstiersacrificial
mechanism, so far, includes theeversible scission of covalent bond anitthe
reversible breakip of supramolecular interactisn Supramolecular interactien
consist of hydrogen bonding, metmjand, pipi stacking, hydrophobic interactisn
and electrostatic interactiesn These interactions act as physical ciodss and
dissociateearly when a force is appliednd avoid sharp stress concentratioms
protect the covalent bonds the polymer network during deformation. In addition,
this process ofeversibledissociatio/associatiormay extend the lifetime of polymer
materialsby providing seHrecovery capabilities However die to the stretching rate
dependence of these dissociammocessesheygreatly increase thescoelasticityof
the material Furthermore physcal interactionare generally sensitivi® the external
environment (temperature, UWature of the main polymer |IRU H[DPSOH K\GURJF
bonding dissociateat high temperaturand is les effective in more polar matrix
materials, causinghe material to soften. That limits the generalization of the

incorporation of supramolecular interaction.
2
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Another class of dissipatve mechanism involving the scission of overstressed
covalent bond has attracted a great deal of interest dughe lack of viscoeldi
behaviorand high energy dissipation geond An example arenultimodal network,
utilizing the heterogeneity aholecular weight opolymer chains between crosslinks
(short chains and long chain) selectively cleave the carbaarbon bonds in the
short chains to dissipate energy. But the efficieatyhat strategy to toughen the
elastomeis not impressive.

Over the past fifteen years, a successful solution to simultaneously improve fracture
toughness and modulus of pure polymer materials emefgau the field of
hydroges. Generally, hydrogels are soft and extensible or brittle and stiff. But double
QHWZRUN K\GURJHOV SURSRVHG E\ *RQJTV JURXS
managed to reinforce dyogek by interpenetrating a highly swollen and highly cross
linked polymer network (filler network) into a soft and extensible hydrogel. The
improvement ofthe toughness derives from the breakage of covalent bonds in the
filler network.

Inspired from tle double network hydrogglrecently our group designed innovative
multiple interpenetrated network elastomers. The objective was to extend the
principle of double network hydrogels to the field of elastomers. By interpenetrating a
highly prestretched androsslinked network(which we will call filler network)into
extensible multiple networks reinfoide¢he elastomers. Etienne Ducriot his PhD

work has successfully proposed this strategy and appliem increase the fracture
toughness and elongatiohraultiple poly(methyl/ethyl acrylate) networks by at least

40 and 10 times, respectively. This strategy W extendediuring the PhD of
Pierre Millereau and he completely ansedsomeadditionalquestions, including the
influence of crosdink densiy anddegree ofpre-stretch in the filler network on the
mechanical prperties, the failure of the fdr network in extension. However, due to
the absence of molecular moslehe details of the macroscopfcacture mechanism

at themolecular scalarestll an open topic:

How is the stress or deformation distribdt@round the crackp?

How many bondscissionsn the filler network do occur around the crack tip before
the crackpropagats?

What is thdength scale at whicthe filler networkbreaks andlissipates energy

How is the stresdransfered betweenthe different networks in extension, especially,
3
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duringthe necking, where large amosof the filler networkare beinglamagd?

To answer these questions based on expergnthiet best strategy te gaininsight in

the fracture mechanisof multiple network elastomeet a molecular scale. To do so,
mechanochemistris a very good novel tooMechanochemistry, a new approach to
initiate chemical reactianby external mechanical stimulivasdevebped inthe last

ten years. In mechanochemistapplied to soft polymer networksnechanicdy
responsive groug namely, mechanophoreare incorporated into the backbone of
polymer chains. Whena sufficient force is applied to the polymer chain
mechanophores can be activated and induce various signals, including color change,
luminescence, fluorescence etc.. These mechanophores in general are sensitive to the
force and are able to sense the force field distribution in the materials. In this
mantuscript, spiropyran, a mechanochromic mechanophore, is uskdetctthe stress
distribution in multiple network elastomers by its color change during activation. The
manuscript is organizeak follows:

In the first chapter, diverse strategies to reirdorelastomers and different
mechanophores are introduced. In addition, various nraodels or hypothesis to
describe and modehe fracture mechanism of multiple polymer networks are also
preseredand will be used as reference for our results.

The ®condchapter introducethe synthesis of spiropyran mechanophore cress
linker and of mechanicdly responsive multiple network elastomeasd describes
differentcharacterization methods for multiple network elastomers.

In the third chapter, at first, the wfeanical properties of the multiple networde
examinedn detail Then the relationship between the color change of spiropyran and
the stresss constructed by color analysis. A calibration curvéhefchromatic change

as a function of stress was ol to map the stress distribution in the elastomers.
Finally, the stress maps of different materials display the evolutitimeaitress field
around the crack tip prior to propagation.

In chapterfour, thereversiblecolor change of spiropyramnce it las been converted
to Merocyanineis being discussed. We show that two different isomers of
Merocyanine, with slightly different absorption spectra, can be present in the
materals depending on whether the bond is loaded or unloaddtese results are

thenused to map thenloaded areasehindthe crack tip during propagation.
4
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In chapterfive, spiropyran was incorporated into the second/third netwodetect
the onset of high tensilstresgsin this network, which occur after the filler network
is highly damaged but before the sample macroscopically brEakhermore, the
role of the second/third network in the resistamgecrack propagation was also
studed by detecting the fluorescent sa of active spiropyran.

Then n the sixth chapter, a new approachmap the strain field around the crack tip
by tracking fluorescerbeals wascarried out and its potential to obtain accurate data
was assessed

In the seventh chapter, we discuss theuls we have obtained throught this
manuscript and the perspectives which we opan upin the future to deepen the
understandingf the fracture mechanism.

In the last part, a general conclusisiproposedo summarize thenainachievemerst
obtaired in this manuscript and the contributitmnthe urderstanding of the fracture
mechanism in multiple network elastomers.



General Introduction



| 2 The design of robust elastomers and mechanochemistry

Chapter 1- The design of robust elastomers anthechanc
chemistry




| 2 The design of robust elastomers and mechanochemistry

Chapter 1- The design of robustelastomers and mechan@hemistry..........ccccccooeeeevennn 1
0T (3 ox 1T o U PUPPRRRRRRN 9
1. Traditional bugh elastomers and multiple network elastomers........................ 10
1.1  NancCOMPOSItE ElaSIOMELS...........uuiiiiiiiiiiiiieeeiiiiii e e e eeer e e e 10

1.2 Supramolecular interaction elastOmers.............uuuviiiiiiccmeeeiriiirr e e e 11
1.2.1  Hydrogen bonding......cccooooeeeeiiiiiieeeeeee e 13

1.2.2  Metakigand interaction..............cceeeiiiiiiecceeecc e eenr e 14

1.2.3  HOSEQUEST INtEIrACHION.........vveeiiiee s aeees e e e e e e 15

1.2.4  Other kinds of supemolecular interaction...............cccoeeeiiiiieecivinnnnnnnnn. 16

1.3 MURIPIE NEIWOIKS .....uuiiiiiiiiiiiiiii e 17|
1.3.1  Bimodal NEtWOIKS.......cooiiiiieeiii et 18

1.3.2 Double network hydrogels...........cooooiiiiiiiiiiccc e 20

1.3.3  Multiple network elastOmers...........ccccuiuiiiiiiimmmiiie e 23

2. Theory of crack propagation.........cccceeeeeeeeiiiiieeeiie e e ee e e eeeeenee e e e e e e e e eeeeaanenns 25
2.1 LakeThomas MOEL...........uuiiiiiiiiiiiiiieeeiieee e 25

22 URZQIV.PRRGHQ.. .ot 27
2.3 TanakallV P R.GH.O e eemiiee e ree e e rmnnns 29

2.4  The fracture mechanism of multiple network elastomers................cc.cceuee. 30

2.5 Finite element MOdel.........ooooeiiiiiiii e 32

3. MeChanOCREMISIIY......uuiiiiiiiiiiiiie e 33

1 200 R [0 Yo [T 1 0] o PP 33

3.2 Optically inactive mechanophores..........ccceeeiiii i e e ceeciiiceeee e 34

3.3 Mechanoluminescent POIYMELS..........cccoiiiiiiiiiiieeee e 36
3.3.1 Mechanofluorescent pOlymMErs.............ouuuiuiiiiiicccrieeeeee e 36

3.3.2 Mechanochemiluminescent pOlymers..............coovvvviiiieeeeeeeee e, 37|

3.4  MechanochromiC POIYMEIS..........oooiiiiiiii e 39
Conclusion and motivation of the MaNUSCELPE........eeiiiiiiiiiii e 45
REFEIENCEO ... .cceeiceeecee et eeee e ee et et et e e vemma e e esteeeteeeteaneeessemnntseneeereenteeeeaneeans 46




| 2 The design of robust elastomers and mechanochemistry

Introduction

A greatnumberof approaches have been propo$gdmaterial scientistéo designtough
elastomers, includingf courseintroducing nanofilles, but also introducinglynamic cross

links or interpenetrated multiple network structurger interpenetrated multiple netwark
despitenumerousmacroscopicheorieswhich have beermproposed texplain the mechanism

of reinforcemett>, and which work well, a molecular m#el to understand thacrease in
toughness and thigactureis still missing Due to the heterogeneous netvidfk some side
reactions during polymerization (including chain transfer rea@ and polyner
entanglemedf | etc., the stress and deformation ihe polymer network is
inhomogeneous. Thubke understanding of mechanical strength and fracture propagation in
elastomers is still a challenge.

The main purpose of this work ie developa nhewmethod to measure tistress and strain
distribution near the crack tip imultiple network elastomers hysing a molecular force
probe.

In this chapter we first review thatate of the art concerning tkarious strategies tionprove
the mechanical propges of elastomers We present the strategies of nanofillers,
supramolecular interactisrandinterpenetrated multiple networks to toughen elastomers

In the second part watroduce themodels offracturepropagation in elastomers, including
the special case aifterpenetrated double medrks. We list someexistentand reliable models
to explain and predict the reinforoentmechanism for the interpenetrated double networks.

In the third part, we reviewhe chemistry ofdiverse mechanophoreshich are able to emit
luminescence antb modify their absorption spectrunmder mechanical activation. Being
introduced in the elastomer network, these mechanoploare be used asolecular force
probes.

Finally, we formulate the motivation of this thesiand the approach applied to detect the
fracture in multiple network elastomers.
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1. Traditional tough elastomers and multiple network elastomers

Commercial Bstomers are polymer materials that posadsgh range of reversible elasticity
and generally a higHracture toughnessviost of elastomers consist of polymer chains and
crosslinkers. They can be imaged adlaxible and extensiblefishing net” structure andheir
elasticity derive from their structureThe polymer chains are able neconfigure themselves
to distribute an applied stressid the covalent crodmkers ensurghat the elastomers can
retum to their original configuration Due to their lowdensityand outstanding mechanical
propertes at high deformationsglastomers usually are used seals, tires, adhesives, shoe
soles, etcdifferent applications from those afetabk, ceramic or polymer glasseshe
excellent mechanical propertiesf elastomers r@ due to their unique molecular and
microstructure. During the deformationof the elastomer networknot only reversible
deformations occur but alsearious dissipative processesin take place,including the
scission of physical aror chemical interactionsThese dissipativgorocesses have been
shown to be essential idelayng crack nucleation and propagation anesult in the
improvement in stress at break and fracture tou@me to the tremendous demands of
application for togh elastomergntensive resear@shave been carried out to reinforce the
and thematerial structure has been shown to be the flejor of reinforcement These
structures can bemainly separated into three groups: na@omposite elastomers,
supramolecular interaction elastomers and multiple network elastomers, avbsfown in
Figurel.1.

Figurel.l Schenatic of various tough elastomers

1.1 Nano-composite elastomers

In thistougheningstrategy,a wide variety ohanoscalefillers can becovalently or physically
incorporated into elastomer3he nandllers may have strong or weahteractiors with the
polymer networkand theyactasadditional multifunctional permanent wansient crosinks.
Different from chemical crosknks, the transient crodgks are mobile,and allow some
chain rearrangement during thag at high strain This leads tcstrong energy dissipation
which will delaythe nucleationof micro-cracls.

10



| 2 The design of robust elastomers and mechanochemistry

In general diversenandillers have been apjgld to prepare tough elastom@rg such as
nanoparticle'2°, carbonnandubes®!, graphen®?* and fibre®. For instancesilica and
carbon blacknanoparticlesare widely applied in the industrjor reinforcementit has been
proven thatthe degree oimprovement of toughness by introducing nanofilletepend on
the surface propees size andvolume fractionof fillers®. A classic example igiven in
Figure 12, wherecarbon black is used to reinter the mechanal properies of natural
rubberfor the fabrication of tire The reinforcement depesdn thedegree ofiggregation of
carbon blackindividual particlesandon the interaction between carbon black goudymer
chains. The aggregates carbon black form a second netw®ykas it has beewriginally
proposeddy Payne and Whittak€rand thefiller network is weakly held together by Van der
:DDOVY L QW HheUMeradtibrR@tween filler and polymer icisas mainly by physical
absorption.Upon deformation, the network of fillers reorganizes, which le@dsigh
dissipationof energy.The introduction ofa filler greatly increags the stress at breaknd
fracture toughnessithout reducing the strain at break

Figure 12: SEM photograph ofarbon black in natural rubbé?s

However, although nanofillersimprove the mechanical propées of elastomers the
transparency ofthe materials isoften lost and imposes constraints on the processing
parameters and increases the den3ityat limits the application of polymer materials in some
fields, where transparency iisiportant Therefore, other approachegre proposed without
fillers.

1.2 Supramolecular interaction elastomers

Thermoplastic plyurethans, a category of polyureas, asommercial and tough elastomers
without nanofiller additive and have found widespread engineering application. However,
their reversible elasticity is less theor conventional elastomeend when they are deformed

in large strain they typically retasome residual deformation after unloading. The advantage

of these thermoplastic elastomers is on the other hand their reprocessability due to the absence
of permanent crosslinks.

11
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To tune the balance or propertiegme of the effective approaches has biemcorporate
various sugamolecularinteractionsinto the polymer networkThesesegmentsare able to
associte due to supramolecular (noovalent) bondsacing astransientcrosslinkers. These
WUDQVLHQW 3 ditkexs Infapdexistdwithpervianent ehemical RQHV IRUPHG E'
covalent bondsThe strengtlof supramolecular interactiomanges betweenthat of covalent
ERQG DQG 9DQ GHU sDHorCeyampleQtheHliddoéiation Re@ergy of hydrogen
bondsis about 835 kJ/mol and the dissociation energy foarbonCarbon (GC) is 347
kJ/mol. This suggestshatthe physical crosBnker is nonpermanent andasier to dissociate
with respect to thehemicalone. This leads to théencreasd mobility of the poymer chains
linked bythe physical crosBnker. Unlike thepure chemicdy crosslinked polymer network,
the elastomers with hybrid crebsks (physical and chemicaBretough due to théransient
associationsand have improval resistanceto crack propagation At the same timethe
presence opermanent crosinks in the same networlgives themshape memory property.
Sincethe degree ofassociation othe physical crosdinkers can becontrolled bythe external
environmenral conditiors (temperatug, light, etc.) it opers the way to synthesize stimiul
respons/e elastomers.

According to the literature published in last two decadmasramolecular interactios
commonly used in polymer materiaten be separated into fowategories (Tablel.l):

hydrogen bonding, metdigand interactios, hostguestinteractiosand &E LQW BldicDFW LR Q
Thefollowing sectionsshowexamples of materialsased oreach type of interaction.

Table 11. Types ofsupramolecular interactismsed forthe elaboratiorof tough elastomers

Supramolecular typé Examples Interaction Referenceg
Hydrogen bonding Multiple hydrogen 30-33
bonding
Metakligand Coordinaton bonds 34-36
Hostguest Electrostatic interaction 38
Or
Hydrophobic interaction
Other kinds EBtackinginteraction 41,42

12
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1.2.1 Hydrogen bonding

Hydrogen bonding is an electrostatic attraction betvedeydrogen atom and electronegative
atoms, such as nitrogen, oxygen or fluoriNgrogen and hydrogen elemerdase presenin
proteirs, DNA, glycogen etcnatural products, wheriey induce strongnydrogen bonding
interactionsandare responsible for the formation miultilevel structure and double heligs

In order to imitate biological process various hydrogetbrondingmoieties can betroduced

in the polymer chains. For itamce, Meijer et a*3! designed and synthesized the
ureidopyrimidinone (UPy) group, which is a quadruple hydrogen bonding Twd. UPy
groups are able to assembleftom dimers When UPy groups were incorporatedinto the
polymer chaingsendyroups, each two UPy units coming from different polymer chains were
able to aggregate intd)Py dimers which was called supramoleculaolymerization In
addition, the polymer chairsan selfassemble into fier structure by forming dimers stacks
as shown inFigure 13b. Similar to nanocomposise the fibersremarkablyimprove the
mechanical propeds, which leads tosolid-like behaviorof materials with Wy while non
modified polymes behave as a liquid-{gure 13a).

Figure 13: (a) Behaviorof polymer materials éfore and after modification dyPy moeties.
(b) AFM image of polyner materials with UPy moiet,f

Utilizing the same hydrogen bondimgoieties Guan et af® synthesized a cyclic UPy core
and convertedt to a terminal diolefin monomewhich wasfurtherused to prepare polymer
materials(Figure 1.4). Comparedto the brittle control sample whout hydrogen bonding
motifs in themain chainsthe polymerexhibits a rare combination of high modulus and high
toughnessesulting in the dissipation tfie dissociation of hydrogen bonding. Additionally, it
also shows other properties, including $edtling and shape memorhey demonstrated the
first biomimetic modular polymer materials displaya great combination of high toughness
and modulusMoreover,the polymer exhibits seliealing and shape memdrghavior

13
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Figure 14: Aggregation of UPy dimer in the polymer chains anifation of titin proteirf®

1.2.2 Metal-ligand interaction

GenerallyE a metatligand interaction describes the coordination complexes betaeen
transition metal and3lonor ligandsThe ligand acts as a donor of amni pairto the metald
orbitals andthe metal centecan form multiplecoordinationbonds. The coordination bond
can be verystablebut still responsiveto light, solvent or heat. Tke stimuli will cause
temporary disociationof the metaligand motifs When thdigand is covalently coupled into
the end group of the gbymer backbone, the polymerunderges supamolecular
polymerization through metdilgand interaction. On the other way tlife ligand is located in
the middle of the polymer chains, meligiand association wilact as physical crodmkers

by forming intermolecular crodks or intramolecular loop

Rowan et 4P modified 2,6 E L \\mefhylbenzimidazolylpyridine (Mebip) ligands at the
end of poly (ethyleneco-butylene)chains These endfunctionalizedmaterialsshowedgood
mechanical propé&es and alsoshowed efficient defect healingunder ultraviolet light.
Figurel5 illustrateshow low moleculr weight polymers with ligand end groups are cross
linked through metabn bindingandform a polymer network. Undea transmission electron
microscopgTEM), the materials shoapronouncednicrophase separation.

14
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Figure 15: The association ofridentate ligand 28is(1,2,3triazokt4-yl)pyridine modified
on the terminabf polymer chains and TEM imag# resulting phase separatfén

Extersive studes of metatligand supemmolecular interactios have been carried ouin
poly(urethane) by Weng et®& The tidentate ligand®,6-bis(1,2,3triazok4-yl)pyridine was
incorporated into the polymer backbone to prepare ligand macromaeculgon
coordinating with transition metal isifZn?* and Ed*), the materials show a rare combination
of high modulus good tougmessand high ddormability and sekheaing capabilityin the
presence of solvenEigure 16).

Figure 16: Reinforcement and selfealing of polyrethane bynetatligand interactios®®

1.2.3 Host-guestinteraction

Hostguest inteaction is another class of supralecular associatianwhere one component
arehost moleculesindthe other componerdire guest moleculeslypical host molecules are
cyclodextrins, crown ethers, pillararenes anturbiturils etc cyclic molecules forming a
large cavityand guest moleculesainly including some ammoniusaltfrequentlypossess
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cationic group’. This two categories associateftom complexesThey areoften utilized to
form asupramolecular binding motif and serve a®al for the fabrication of various self
assembld structures, such as micelles, nanotubes nanorods, nanosheets andfvékitties
functional group are introduced inthe polymer chainsthey can act asnon-covalent
supramolecular crodgkers upon complexationMoreover, the association is controlled by
experiment conditions (temperature, pH, ionic strength). This dyname reversible
propertes of hostguest interactios brings excellent stimuliresponsive featureso the
resultant elastomers.

Due to their advaages descrid aboveSchermaret af8. covalentlygraftedcucurbit[8]uril
on the side chains @& loosely cros$inked polymer networklin this systemthe hostguest
interactionwas used to formsacrificial bondswhich improvedthe fracture resistarg; fatigue
resistance and energiissipation, whichwas achieved by the dynamutisassociatiofne-
association ofhe cucurbit[8]uril complexes(Figure 17).

Figure 17: (a) Schematic of a modular dual network composed of gosst interactions and
chemical cosslinkers; (b) a typical modular section of titin structure; (c) schematic of
mechanical induced dissociation of CB[8] hgststcomplexe.

1.2.4 Other kinds of super-molecular interaction

Phase separation interacticend @EEstacking interactiors are another two types of
supranolecular interactios which have been used ipolymer materials in the past few
decadesThese interactiatrigger supramolecular assembljney produce a variety of well
aligned anisotropic structurfssuch as fibers, spheres, cylindeand lamellae etavhich
form ordered micregphase structuseat longer rangeThese secondary structures enhanced
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toughness of elastomers. Weng and his cowdtkabricated different PnBA-PSPnBA
triblock copolymersand adysted the length of PS tailor the mechanical properties
elastomers.Suitable length of wlymer chainsallows them to assemblito a spheical
structure which improveghetoughness afhesethermoplastielastomers.

Using on the &E&stackinginteractionof pyrene derivativeselaborated polymerkave been
synthesizedby Colquhoun, Rowan and their coworer The polymer chaksegmentis
composedf two naphthaleneliimide unites,asshownin Figure 18a. Whentheyincreasd
the concentration ohaphthalenaliimide units, it resuédin a progressive increase in binding
constant of 2 ordersf magnitude. Furthermorenpainexpected enhaneent oftoughness and
selthealing ability was observedwhen the naphthalendiimide units were separately
incorporated intawo polymer chaingsillustrated in Figure Bb.

Figure 18: (a) Scheme representation @Istacking supramolecularteraction (b) polymer
containing naphthalergiimide units on the backborté

Many additional studiegbout EIstackinginteraction hydrogen bonding, metdfjand etc.
supramolecular chemistityave been carried omiore recently andhe kst severatlecads
have withes®d great progress in the utilization of supramolecular interagtimmcontrolself
assemb} and architecture of tough elastonférélowever, thessupramoleculaelastomers
are generallystrondy viscoelastic due to thelynamic associatio of supramolecular
interactionmaking it difficult to obtain fully reversible elasticity and fatigue toughness

1.3 Multiple networks

In the previous section, we described sapproacheso develop touglelastomershrough
the incorporation of nanoparticles to fomanocompositeandthe use oflupramoleculaor
coordination chemistry to obtain selhealing propertiesin this section we preserdn
alternative approacto make unfilled elastomers with mmal viscoelasticity but a higher
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toughness through network design. In this type of appraacalent bond are used as
MV DFULIL F HBrethe Re@@¥4crificial bond meanthat during the extensioof the
polymer networka fraction ofthe covalentbonds in the polymer networkare overloaded
(through network design) argdn rupture and dissipate enetggfore the macroscopic failure
of the material occursComparedto supramolecular interactisnthe rupture ofembedded
covalent bond can dissipatemore energyper bonddue totheir higher bond association
energybut typically cannot be easily reformed

In this sectionwe present severapproaches to desighe networks in order to introduce
such sacrificial bond¢Table 1.2). First, we will introducethe concept obimodal networks
which is knownfrom the end of last centuryNext, we present generalreinforcement
strategyusingthe double network structure which wéisst inventedfor hydroges. Finally,
we focus on theextension of thignethodto multiple network elastomerdeveloped by our
group to synthesizeoft but tough materials.

Tablel.2. Different kinds of polymer networks

Types Bimodalnetworks Double networks | Multiple networks
Schene
Examples 0 D U Nriys *RQJIVYUUI &UHWRQHV
Mechanical property Brittle tough Robust

1.3.1 Bimodal networks

Monomers oligomers,and crosdinkers are used to synthesize polymer networks by various
polymerization reactionsin non-controlled types of polymerizatisnof networks the
molecular weightof the polymer chains betweertwo neighboing crosslinks varies
significantly due to side reacti@nor to the random activation and termination dfe
polymerization reactionWhen only one kind of monomer and crdissker are used in
polymerization (or when theypossess similarly reactty), the distribution of the length of
polymer chains between two crdgsks is unimodal When the polymenetwork is submitted

to an externaktress, the shortest chaiasd more extended chaims the polymer network

break frst. These chains amnsidered to Bl WKH pFXOSULWVY lel@stérieKVLQJ
materialsby nucleating macroscopic defects

The term lIbmodal network meanan elastomer wittwo populationsof polymer chain length
between the crodmks. For thepopulation of short chaing is easy to reach their maximum
elongation andheir rupture dissipate efficiently theenergy.In principle if both populations
were bicontinuousthe bimodal polymer networkshould perform as a tough materialFor
example, &2DMS bimodal networkwas syniesizedby Mark et at®. They polymerized two

18
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kinds of PDMSprecursorpolymers with diffeentchain lengthsvith alkoxy and hydroxyl (or
vinyl) endgroups, respectively. The bimodal polymer netwonkse preparedhrough the
chemical reaction between alkoxy and hydroxyl end grotggisting the ratio of short /long
polymer chains, they compata series of bimodal network elastom@fgure 19). However
the desird significant reinforcement ahe ultimate propertiesind of the fracture toughness
was notvery largecompared with the unimodal netwoikhis was presumably due to the fact
that the short and long chains phase separate and form distinct regions.

Figure 19: Schematic of bimodal netwoik which the short chain are drawn in heatAer

More recently, Cohen etam utilized vinykterminated precursor chaingith average
molecular weights of 86850091000 g/moknda tetrakis(dimethylsiloxy)silanecrosslinker

to synthesize trimodal networksComparedwith the unimodal retworks with a similar
modulus the trimodal network achieveda highertoughness and elongatian break(Figure
1.10), but these networks arsetill too brittle for industrial applicatia Therefore, other
strategiedo design covalent networkse desired to achieve significant improvement of the
fracture toughngs of unfilled “ elastomers.

Figure 110: (a) The schematic view ofstressstrain curves of unimodal and trimodal
networks (b) the toughness of triodal and unimodal networkss a function of molar mass
between effective crodmker*®
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1.3.2 Double network hydrogels

Hydrogek, haveattracted a great interest in the past few yeaesto the potential use for
artificial soft tissuesConventional hydrogelarecomposed oé single network of hydrophilic
polymerswollenin waterand areusually very brittle, like fragile jellies, whicimay seriously
restrict the applicationThis is particularly true inapplications in which thenechanical
properties aressentig such as articular cartilage, semilunar cartilage, tendons and ligaments
and other connective tissues.

During the &st decade, a great breakthrough has been adhigve *R Q J T V¥ Ui X S
design and synthesis afparticular class dbughhydroges definedasdouble network (DN)
hydrogels A double network hydrogels a heterogeneousetwork (IPN) consisting of
interpenetrategholymer network synthesized sequentiallfrigure 111), which is different
from a conventional hydrogelA DN hydrogel typicallycontains80-90 weight percent of
water, yetits tougmess iscomparable to that of conventionaifilled elastomes. The tough

DN hydroges were synthesizedor the first time in 2003y Gong and her coworketssing
two sequentiasteps ofphotopolymerizatiort®. At first, a densely crosnked polyelectrolyte
(poly(2-acrylamide2-methylpropanesulfinic acid (PAMPShetwork was synthesized by
UV-initiated polymerizatiorcarried out at a very slow polymerization rate in the glove box
and then this single networkwas swollen by a neutral monomédacrylamide) solution
containinga verylow concentration otrosslinker and initiator. When the single network
was swollen to equilibrium, a double netwonkas obtained by performing a second UV
polymerizationon the swollen PAMPS single networkhe swvelling in the second step
causedhe densely crosiinked first networkto becomeisotropically stretched antb almost
reachthe maximumextensibilityof the polymer chambetween two crosknkers. Therefore,
the first network is stiff and the secondtwerk is softand extensibldecause of its low
chemical croséink density $FFRUGLQJ WR *RQJYTV UHYV Hsbfudugh DWKH HVV
hydrogelsare dueto the structure and the mechanical prapedf first and second netwdtk
which can be summarizéato three points as follosv

(1) The mechanical behavior dlie first network is stiff and brittle, . &h asthat of a
highly stretchedpolyelectrolyte. On the contrarghe second network is soft and
ductile such aan unstretchedeutral polymer.

(2) Thesecond networkorms themajority ofthe DN hydrogel(about90%).

(3) The DN possessea highly stretchedirst network anda loosely crosdinked second
network.
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Figure 111: Theschematiview of theinterpenetratedouble network hydrogeis

Following these principles, a series of tough DN hydrogelgh various compositionsvere
SUHSDUHG E\ *R Qdsfavicd,the RI$ hydiRrdgel of PAMPS/PAAmM shown in Figure
112. Here, PAMPS, PAAm and PAMPS/PAAmM stand fooly (2-acrylamide2-
methylpropanesulfonic acidpolyacrylamide and double network, respectivélye materials
were tested inuniaxial compressie and tensile testsPAMPS/PAAmM DN showed much
higher stress and strain at breakmpaed to PAMPS and PAAm gels. Compressh data
illustrates that highly crosdinked PAMPS is brittle as expected. On the other hand, loosely
crosslinked PAAmM is soft and can be highly deformed. Whereas DN of PAMPS/PAAM
remains quite extensible but showlsvious strain hardening leading to high strasbreak
Figure 112b illustrates thatthe PAMPS gel is brittle and beaksduring the compression
process while the DN gel is tough and is able tsustain a stress of 17.2 MPa under
compression despite the presence of 90 wt% of water.

Figure 112: (a) Thecompressionstressstrain curves of hydrogels including PAMPS, PAAmM
and DN of PAMPSPAAmM; (b) The images of PAMPS and DN of PAMIPAAM under
compressioff: PAMPS, SN gel, breaks easily and PAMPSAmM DN gel can sustain up to
&75%.

Figure 1.13 shows theuniaxial extensiontest performed on af PAMPS/PAAmM DN
hydrogelﬂ For this sample, one observasneckng processwhich leads totwo strain
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hardeningregimes. e presence o& neckingextend the maximum strain othe DN before
rupture In cyclic loading, when comparing the first and second cytleDN shows darge
hysteresis andafter the first cycle the sampleecomes fairly softbecause of amnternal
fracture ofthe first network embedded in tiaN. Based on the resulisbtainedby small
angle neutron scatteringANS), the neutron scatteringatternfrom the DN hydrogels in the
deformed statés anisotropic. Thus it is assumed thattlne necking aredhe first network
ruptures into numerousclusterswhich play the role of physical crodmkers for the second
network. The detaslof thefracture mechanism ahe DN will be discussed in the next section.

Figure 1.B: The neckingorocesof DN hydrogés during the stretching procéss

The fracture ofpolymer network usually starts by the breakage the shortest chains. In
order toavoidthis effect, Sakai and Gong et.brepared a weltlefined3K RP R JH QitdtR X V ~
network usng an endgroup reaction (Figre 1.14a), similar to thesynthesis of bimodal
elastomers by MafR To ensure the swelling ratio dfé first networkmade from a neutral
polymer, a dmolecular stent methodwas proposed forthe synthesi of tough DN*. The
molecular stent method &stechnique to synthesize tough DN hydrogels based meutral

first network. In this technique, linear, strong polyelectrolyte chains or ionic micelles are
introduced inthe neutral first networf®. Comparing the nominal tough DN hydrogeisde

from aheterogeneous first netwonkjth this DN hydrogel made fronma morehomogeneous

first network both possessalmost the same touglss,but a differert initial modulus and
hysteresis ahead dhe necking regionas shown in Figure 114b. The differerce in the
hysteresigs due to thebetterhomogengy of first network. Before yielahg, the DN with a
homogeneous first netwoghows much less evidencefadcture of polymer chins. Thisalso

leacs to alowerreduction othe <R XQJTV PRGXOXV DIWHU \LHOGLQJ LQ F\!
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Figure 1.8: (a) The schematic of the synthesis of DN hydrogel with homogeneous first
network (b) the stresstrain curves of homogeneoaisd inhomogeneous DN hydrogels

The interpenetratingN conceptis a powerful approach to toughemmydrogelsand is
promising forother materialsln the next section we presetiite interpenetrated multiple
network elastomers proposed by Ducrot and Cféiarour group.

1.3.3 Multiple network elastomers

Inspired by the interpenetrated network of DN hydrggelur group developed a new
approach to prepare tougitastomers bywsing interpenetratingnultiple networls without
solvent Different from previous doub network elastomemsadeby Mark*®, Yoo*®, Baysal et

al>, multiple network elastoars possess highly pre-stretcted first network which is
usuallyconstituted ofshort stretchedgoolymer chains witha high crosdink density.Etienne
Ducrof? and Pierre Millereal}, two docbrswho graduated from our group, studied the effect

of the first network on the mechanical propsbf elastomersin Figure 115a, a significant
LPSURYHPHQW LQ <RXQJTV PRGXOXV W«XKeébsarwdJfbrvihe DW E L
multiple networkselastomersThe results indicate thdhis approachis promising to make
tough elastomersFurthermore, the elastomers toughness increases with the number of
interpenetrated polymer networkiSigure 115b shows the mechanical performanae DN
elastomers vth different crosslink densites of the first network andthe resultsfurther
indicate the critical relationshipetween the mechanical propertafselastomers and cross
linker density of the first network-he moredenséy crosslinked is thefirst networkand the
higher is therouQJTV PRGXOXV
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Figure 1.5: (a) The stresstrain curves of interpenetrated multiple network elastengby
the stresstrain curves of DN elastomers with various cHidser density in the first
network®

Pierre tailored théevel of pre-stretch in the first network bysing some solvent durintpe
prepaation ofthe second omdditionalnetworks. The results othe extension tests illustrate
that elastomers become more and mmolrist(Figure 1.16) with a high modulus and fracture
toughness Moreover, ahough the samenonomercomposition is used betwedhe first
networkand the other networks (second, third netwoak)the elastomerdiave outstanding
mechanicalproperties The comparison of theesults suggestthat the reinforcement of
multiple network elastomers originatesstly from the prestretched polymer chains in the
first networkwhich can fail without a macroscopic breakage of the whole material

Figure 1.5: The stresstrain curve of multiple network elastomers with differemeystretch
in the first network.

In this section, wedescribed howthe concept of DN hydrogelcan beextended to the
reinforcenent of elastomerd differencewith hydrogelsis thatwe developed multiple steps
of swelling and polymerization (as opposed to only two) and showeévbatifthe same or
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similar monomerwas used to prepare tHiest and second networkthe enhancement ihe
mechanical propertiger multiple network elastomers is still particularly significant

2. Theory of crack propagation

The fractureof elastomers is difficult tonodel and the fracture energy is currently very hard

or impossible topredict from the knowledge ofits molecular structur@lone due to the
presence oentanglemerstand the heterogeneity tiie polymer network. There are a large
proportion of theorieshat areproposed baskon an ideal polymer networtructureas the
Lake-Thomas model. Recently, several models were constructed to explain and predict the
reinforcement of DN hydrogegslistedin Table1.3. Thus inthis partwe introduceseveral
theoriesabout the calculation @hedissipated energy duringgack propagation

Table1.3. Introduction of various model applied in DN gels

Names LakeThomas %WURZQTYVY PRGH 7DQDND TV
model
schematic
Equations Lt U 7m0 vUs 6 UBa0O.
Ursé()éls:'«‘ Fs,' g > L & E &¥%D
Application conditiors ideal polymer double networks double networks
network

Dissipation energy(J/M 10 400 100

(*: fracture energy;*1, *»: toughness of the first and second netwiarfoN; N: number of

monomer between two neighbor cro8sL Q N Haddedlch@ih densityof chains crossing the

fracture planpUcc: the energy of € bond; E <RXQJYV PRGXOXV RI WKH VHF
@: the maximum strain of the second networly:the widthof micro- F U D k:the gritical

stress of yield;i the critical strain of yield.)

2.1 Lake-Thomas model

The classicalLakeThomas mod? predics the threshold fracture energy in ra ideal
homogeneous single polymer netwofkgure 1.17 shows schematicalla polymer chain
composed of N monomebgtween two crosknkerslocated at thecracktip. During the crack
propagation along thdottedplane,all the polymer chainsrossng the plane ardeingcut
The minimum energy to break a bond is Bmadenergy. Howeverthe key idea in the Lake
and Thomas model is thall the C-C bonds in the polymer strand between two clivd®rs
irreversiblylose their energy as the strand breaks @mdribute to the dissipation of energy.
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Assumingthat these bonds are stretched to the same levéhe broken one, the fracture

energy *. of one polymer straneéquals to2NU.c, where2N is the number of € bond

between two crosknkers and Wcis the energy of €& bond The factor of 2 means every
monomer contributes two-C bonds for the strand. In addition, theealchain density ™

which is the bulk density of polymer strand3imes the average distance between strands

divided by two,can be calculated by Eq. (1), wheke %, a, Gand TDUH WKH <RXQJY

modulus, thestructure factor of the polymer chain relating @oend distance with number
of monomersthe length of &C bond,the Boltzmam constant and temperature, respectively.
Therefore, the total fracture energy can be calculated by Eq. (2).

Figure 1.T: Schematic of a polymer chaatross the plane of crapkopagation

O%%s C

Lt U- 7y, Eq.(2)

In this model, itis assumd thatthe fracture energy isonly dissipated by the breakage of
covalent bond in the fracture plan@ndthatbefore crack propagation the polymer material is
elastic.However,in the DN orin real network there are mechaniswof energy dissipatiom
the bulk which may lead toa distinct hysteresign a cyclic loading. For instance, DN gels
describedabove show significant hysteresis in fivst cycle loading. Recently, Creton et’al.
discussedhe deviations observed forNDelastomers from the LakEhomas modelFigure
1.18 shows a sketch othe hetengeneoustructure of the reaingle networklt is likely that
the shortest polymer strandwsear the crack tip break first in the crebsked regions.
Therefore when a crak propagats through this structuréhe flaw probably follows the
shortest strargldistribution indensely crostinked regionsinstead ofa straightand defined
plane.In this process, more bondse likely to brealanda larger energycan potentially be
dissipate.
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Figure 1.18 Schematic of a lierogeneous network with@ane(dashed line) of fracture and
circles showing the prefential fracture of short straad

Althoughthe Lake Thomas model is inapplicablyy itselffor DN gels, it defines the process
of crack propagation angrovides anestimae of the minimum tear energyfor a polymer
material.

22 %YURZQYV PRGHO

To quantify the reinforcemenin the fracture energylue to the DN special structursgveral
attemptshavebeencarried oﬂﬂﬁ Such as thenolecularly basedhodel proposed by Hugh
R. Brown (calleG % U R Z Q  VardgeR&at Explaining the necking in DN hydrogé&lsis
model is based on the LaKEhomas theory buihcludes the number of strands caused by the
enhancement of the distinctly unusual DN microstructlrethis model crack propagation
occurs in two stages. First, the stiff and brittle first netwandaks under the external stress
due to it high degree of stretchingnd dense crodsking density This happens before
necking and leads tthe formation of internal micro-cracks. The Brown micrarack is
imagined witha defined O H Q Jvaid ZD G WbK & shown in Figur&.19 and thespace
inside it is bridged by the second netwoskrandsto reain the continuousstructure of the
sample.lf we assume theecond network to bénearly elasticthe strain energy release rate
G can be calculatefdom thefar field averageV W U HMWEQ3 )

Lb,Pt Eq. G)

The maximum width of the microrack should be of the ordethe contour length of the
strand in the second network. i§imeans a contour length of 3nutypically contain about
10000 repeatg chain unitsfor a PAAmM second networkFor a first networkwith the
toughness* of 0.5 J/m, Eq. (3)gives a critical stresvalueof 0.3 MPa tonucleatea micro
crack, which isvery close to the experimeaitvalue of 0.2 MPa for the necking stress.
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Figure 1.19 Schematic representatiofia micrecrack inthe first network of HN*

The second step acrack propagation ithe second networwhich leads to the failure of

sample :KHQ WKH H[WHUQDO VWUHVV L-@&ddddie foimed DBRYH 1 P
region around the crack tipsshown in Figure 20a. In this region, the elastic propies of
thematerialis similar tothose ofthe second networtecaus®f the strong damage dhe first

network in this zoneThis zone haa muchlower modulus & when compared with the zone

far away from the crack tip, where the modulusigEEmainly controlledby the undamaged

first network As a consequenceihen the crack propagates within the second netwockit

be modeledas a pure shear fractui@uring thissecond steghe critical strain energy release

rate *Tcan be given by Eq. (4)

"L S8 Fs:®gt Eq. (4)

:KHUH 3K LV WKH XQORDGHG Zlisthe ktnaRinum Kedora@iénDuied ]|R Q H
second network. In thiassumption, Brown deduced the total toughness ouBiNgthe Eq

(5), where *1 and *; arethe toughness of first and second network, respectively. Brown also
estimated the reinforcementtbie DN compaedto a single networko be a factor odbout 40,

which agrees withexperimentalresults obtained by Gong et °4lMoreover, a simildy

damagd region around the crack tip was also obsée HG LQ WKH H[SHULPHQW E\
%5shown in Figure20b.

8(].
Ueaéér;gT{gmé Eg. (5)
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Figure 1.20 (a) Geometry of the damaged region around the cratk(kipthe imageof the
damaged region near the crack tppturedon DN hydrogel using a laser scanning
microscope®

23 7/DQDNDTV PRGHO

Brown 1 Yhodel consideredhe crack propagatioat the molecular level. In the same year,
Tanakd proposed another analogousut macroscopicmodel aiming to explain the
reinforcement due to theeckng phenxomenonobserved irextension.The model assumes
damage zonever athicknessh formed around the crack tip arslocaed onboth sides of
the fracture surfaces after propagation (in Figugdd). There is a sharp boundary between
the damaged and undamaged regiortee damaged boundaris defined bythe principal
tensile stressorresponding tdhe necking in extensiomssumingthatthe intrinsic fracture
energy ofthe damaged zones *p, thesize ofdamaged zone can be defiresh = */U( L),
where U(%) is the elastic energy densitythe uniform stretchingtthe FULWLFR.Ou& WUH VYV
to thefracture of thdirst network, *o is approximately equal to the intrinsic fracture energy of
the second networklo estimate the fracture energy, tyelic uniaxial tensile testurveis
simplified asshown in Figure 21b. The segmenDA corespondto the elastic regiobefore
necking andthe segmentAC represerst the softening proces®f materialsdue to the
damaging of the first networlkJpon unloadinghe damaged mateaitj the stresgollows the
curve OBC.The area suounded by the curves OACB is tireeversiblework dissipated by
the breakage of the covalent bonds in the first networkcamdbe estimatetb be 1* H
where His the strain at the point Considering the dimension of damaged zone, the total
irreversible work L \Vcx Exh. The global fracture energy consists of two partise intrinsic
fracture energy of the second network and the irreversible \Waskgiven by Eq. (6).

L 4E&W%DOL E, HisE-—; Eq. (6)
S

It should be noted that the fracture energy can be given by the intrinsic fradectarel a
dimensiotess enhancement factotn the calculation the softened zonis regardedas the
second network anthe intrinsic fracture energy o can be calculated by the Lakédomas
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theory.In addition, the elastic energy densldy k) can be deduced from tmeodulus of the
stiffened region after damage :&;, €8 ' adwhere kis the stiffened modulusom the
BC curve(Figure 121b).

Tanakaf ¥stimae of the fracture energy is about 100 3/mvhich is casistentwith Gong$

results (400 J/R). Because of the heterogeneity of the first network, additional damage
producesa pronouncednecking. That gives rise to a larger irreversible kvoompared to

Ix kEkh. As a consequence, this model is appropriate to estimate the order of the effective
fracture energy of the DN gels.

Figure 1.21(a) Schematic representation of the lbcalamaged zone at the craij of DN
hydrogels; (b) Assumed stressain curve for the undamage@OAC) ard damaged zones
(OBC) of DN hydrogel$

2.4 The fracture mechanism of multiple network elastomers

A great amount oexperimental workhas beencarried outto explore the mechanism of
reinforcement of multiple network hydrogelnd elastomersicluding theinvestigation of the
effectof the monomecomposition crosslinker concentrationgdegree oheterogeneityf the
first network pre-stretchand entanglementensityof the first network crosslinker density in
the second nevork, etc.In the following we summarize thmainexperimentatesults and the
mainconclusions wean drawso far

OXOWLSOH QHWZRUN K\GURJHOV *RQJYV DQG &UHWRQYV JU

(1). Gong grouff summarized thahe entanglement in the second netwaHs essentiafor
tough DN hydrogel witha second networlof linear chainsin addition, they found thahe
lower the crosdinker densityin the second network, the tougher DN hydrogel (in 2005).

(2). Creton Brown and Gong et ‘aemonstrated that the hysteresis was due to internal
breakagdin 2007)
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(3). Gong et mspeculatedhat at the yield pointthe first network fractum into
clusterswhich subsequenthacied as physical crosknkers of the second network (FRige
1.22), the polymer strands of the second network susigithenmost of loadingin 2010)

(4). Gong etl.” considered thabefore themacroscopic yieldome bondsvill rupture which
makes the first network more homogenearslassumed thahe yielding proceswas due to
alarge numbers of covalent bonds breakage in the first netavaticreated heterogeneities in
swelling ratio inside the damaged gbhsedon the resultof small angle neutn scatteing)

(in 2013)

(5). Gong et 4T proved thatheterogeneit in the first network is not the origin of
reinforcement but is important for mechanical strerfoitt2013).

OXOWLSOH QHWZRUN HODVWRPHUV &UHWRQYV JURXS

(1). Ducra et al'® confirmed by incorporatingmechantuminescent moleculethat during
uniaxial elongation testghe first networkof multiple network elastomerfractures first, (in
2014)

(2). Ducrot et Wobserved the fracture of the first network around the crack tip before
propagation and vdied that the fracture of thérst network reinforced the toughness of
multiple network elastomefg 2014)

(3). Young$ modulusof multiple network elastomeiis controlled by the crodsk density

of the first networR’ (in 2016)

(4). Millereauet all* demonstrated thahe prestretch in the first network isnaessential
factor for toughmultiple networkelastomers- (in 2017)

Figure 122: The schematic of the fracture mechanism in trecking regions othe DN
hydrogel

In summary,comparing to the previouslastomers studied by Y¢band Baysal et &t ,
interpenetrated multiple networks provid® VLIJQLILFDQW LPSURYHPHQW LQ W
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stress at break and fracture toughness. The reinforceteeines from the stretched first
network and thescission ofpolymer chais in the first networkdisspatesa great amount of
energy.Assuming thathe first network fragments into small clusters, these clustagplay

a role of physical crosknks for the second network. Thuthe physical crossinkers could
slide in the second network response to deformaticand adjust the polymer chain length
between crosBnkers inthe second network. This homogenization process sl@hagurnthe
nucleation of crack

2.5 Finite element model

Recently, Zhao et 4l proposeda finite elementmodel based on the experimahtdatain
cyclic uniaxial tensiorto predict the fracture energy for tough DN gels. Similar to the two
models above, they also separated dbetribution ofthe overall fracture toughness into

two pars. Thefirst partis called the intrinsic fracture energyo and should in principle
characterize the scission of polymer chains localized at the crackhiépsecond pa#drises
from the integral ofthe damage ofeach material point of the entire specimen called
dissipative fracture toughness. Figure 123a shavs the deformation history of a material
elementin a process zonaround the craclas the crack propage (the zone is called
damaged region in other models). In this procassthe crack propagates,changes the
deformation distribution of the system and leads to a loading and unloading hysteresis of each
material point which resultn energy dissipatiortp (Figure 1.23b). Consequently, the total
fracture energy is expressed as EQ.(7).

L & EE, Eq. (7)

Figure 1.3: Schematics of theory and model for crack propagation in soft tough materials. (a)
crack propagationndera pureshear test; (b) the mechanical dissipation in theciahding

is characterized by macroscopic damage call®ullins effect; (c) the intrinsic fracture
energy of the soft materight the interfacejs characterized bthe area under thieiangular
traction separation law
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In order to calculate the fractuemergy, Zhao combila trianglecohesivezonefor *p (Fig.

1.23c) and a damagemodeP® to predict the intrinsic fracture energy by subtracting the
dissipative energyp done on the materialérom the total fracture energwfter fitting the
uniaxial data to an Ogden model, they useckpirical equatiornto estimate*p, and were

able toquantitativelypredict the experimentsy adjusting the value ofo. This modelverifies

that the fracture toughness of a soft material can be enhanced greatly by incorpifating
sacrificial bonds and long stretchy polymer network, which consistent with the principles of
the fabrication ofough DN hydrogels.

So far there hadeen lots of attention on moded the mechanical performance of tough
multiple networkgels. Several insightful theories for the origin of the high fracture energy

have been proposed. Among theebURZQfV DQG 7DQDNDYV RRGBOV DUH
promisng oneseven if they are quite simplifiedlet the real damaged regions and fracture
energy are still larger than the predictions #relmodelsre not able to explaior predict the

onset of crack propagation quantitativeyevelopment of better molelew models will

clearly require experiments providing molecular information on the fracture process.

3. Mechanochemistry

3.1 Introduction

In recent years, mechanochemidtgs attracted a great deal of interest, sincennecs the
comprehensive investigations spanning molecular and macroscopic S&&fes
Mechanophores.e. mechanically sensitive chemical groups, contain some weak covalent
bords which are able tgelectively breakunderexternalmechanicalstimuli and exhibita
change in chemical structure iesponseOf particular interest for us are tloghat combine

this change in chemical structure with an optically detectable respeos® change,
luminescence and fluorescence e&s. shown in Schemel.l

When mechanophores are covalently fixed in the polymer backbibveeforce loadinghe
polyma materials can transmit to mechanophores throuble polymer chains
Mechanophoresan thenbe activated byan adequate forcevhich isusually lower than the
thresholdscission forceof C-C bonds.If the bond scission or activation gives an optical
signal,thesemechanophoresanact adabelled molecules to deteitte variation of stress and
deformation in materialsActivation of optically activemechanophoresmduces a change in
optical propertiessuch as color, fluorescence or mechanically inddoeninescence. Tdse
distinctive signalsan be used foin situ quantitative evaluation of polymer chain scission
anddetection of stresespeciallyaround the crack tigsuch molecular information may then
be used to develop molecular models$ratture.
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Schemel.1l: The activatiorof mechanophore undanexternal mechanical stimuli

3.2 Optically inactive mechanophores

%HIRUH ZH IRFXV RQ RSWLFDOO\ UHVSRQVLYH PHFKDQRSKEF
in moregeneral terms.

According to the type of chemical reaction produced by mechanical activation.
mechanophoresaa be classified into two types: scission typemolytic cleavagé®, dative
bond scissiotf and cycloreversidi) and nonsission type (electrodjic ring openingetc).
Figure 124 shows various mechanophonasedin the field®® For instance, Sheiko et.4l
reported the activation afisulfide bondlocatedin the centre of brushke macromolecules
which were deposited on a substrafEhe adsorption of brushlike macromolecules onto the
substrate generaéhe intramolecular tension due to steric repulsion between densely grafted
side chainsThe authorguned the forcén the main chairby varying he substrate surface or
brush structure andbserved the mechanical activationtbé disufide bondsthrough the
length distribution of brush moleculeXu and his ceworker$® developed another polymer
composite in which a platinumacetylide complexmechanophorgvas incorporated into the
polymer backbonerhe mechanophore the polymer chaingould beactivaed by sonication

in solution and released catalytically activelatinum speciesto catalyze the olefin
hydrosilylation processThe mechanical response of platinaeetylide was investigated by
detecting the conversion of olefin hydrosilylatiohl-octene withtH-NMR. This workshows

an exampleof the wse of mechanical activation to initiatéhe catalysis ofthe chemical
reaction. Recently, Xia and Martinez et #.reported thetransformation of insulating
polyladderend¢o semiconducting polyacetylene Aynechanochemical stimuli. The®nfirms
thatmechanochemistrig a promisingtool to convert mechanical stimuli into a diverse array
of chemicalfunctions. However, the mechanical response of the mechanophores described
above s not easy talirectly observesince thesignals ofthe mechanical respong® not have
any optical signaturdn generalthis type ofmechanical response naeather setup for the
characterization. Thistrongly limits the applicationf thesemechanophores the study of
thefracture of polymer materials.
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Figure 1.2 Various types of mechanically induced reaction imechanophoréthe red
bonds in these molecules are the weak bonds and easy to break tdmechanical
stimulation)

3.3 Optically active mechanophores

In this part, we will introduce mechanophores thaivide visual and optical signals after
activation when hey are covalently coupled intthe polymer backbon®r network These
polymer materialsan be separated into two groups depending on the sitpegislisplay’.
One group isconstituted ofmechanochromic polymers, whigiresenta change in light
absorption in the visible range resulting inador change before and after mechanical stimuli.
Anotherclass arenechanoluminescent polyme#ll the mechanophores are shown in Table
14.
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Tablel.4. Different kinds of mechanophores present in this manuscript

Species Examples Mechanicalesponse
Mechanofluorescent Dimer of anthracen®
polymers red fluorescence

@xtend anthracen@
blue fluorescence

Mechanoluminescent 1,2-Dioxetane: bright
polymers blue light
Mechanochromic Diarylbibenzofuranone

yellow to blue
polymers

SpiropyranOcolorless
to purple

Rhodaminedark red

3.3 Mechanoluminescent polymers

Mechanoluminescent polymers include mechanofluorescent polymers and
mechanochemiluminescent  polymersThe differeme between them is that
mechanofluorescent polymers negadical excitation to emit fluorescence aftstivation.

3.3.1 Mechanofluorescent polymers

Bare anthracene frequentlyused asa fluorescent probe in biologyVhen its cajugated
electronic systenis extended @&xtened anthracene (Figre 1.26)), it possessea higher
guantum yieldof fluorescencelf the anthracengparticipates ina Diels-Alder reaction the
Diels-Alder adduct lose the ability to fluoresce. Wing this feature,Chung et m
incorporateda dimer of anthracene into the polymer backbone. In the tearimqudr the
materials emittech fluorescent signal around tloeack (Figure 1.25). Similar approach was
employed by Sijbesma and Heut et3alThey synthesized an amphipathic blapolymer

by the DielsAlder reaction ofanthraceneand naleimide (Figure 1.26). The amphipathic
block copolymer selfassembled into micellesd promoted the mechanochemical reaction of
theDiel-Alder adduct.
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Figure 1.%: Schene of mechanicalcleavage of the dimer of anthracene leading to
fluorescence near the crdék

Furthermore, in order to increadiee fluorescerce quantumyield, Sijbesma and coworkers
designed a@extenced anthraceneshownin Figure 126a and then incorporated into the
centre of the polymer backboré. Under compression, the materials emitted intense
fluorescenceSo far this is the firsteportto be devotal to the reinforcenentof the intensity

of themechanical respond® extendingaconjugated electronic system

Figure 1.5: (a) Scission of anthracene adduct and fluorescent signal before and after
compression; (b) Scharof the activation othe anthracene adduct and the sedtembhg
processdy hydroplobicinteraction

3.3.2 Mechanochemiluminescent polymers

Mechanochemiluminescent polyrseemit luminescence responding to external mechanical
stimuli. Compaing with mechanfiuorescent polymerghe advantage of chemiluminescent
polymersis their autoluminescent tae, so thatno excitation light source is requiretihe
field of chemiluminescentnechanophoreis very limitedand the recemrogress of this field

is mostly due toSijpesma and his eworker$®. In 2012 they reportec 1,2-dioxetane
mechanophorewhich is a higly-energeticand thermally labilemolecule When it is
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activated in polymer chains by mechanical force,gbeare cycle with th®-O bonds brdes

and generatetwo ketones, one of which is in the excited state and emits bright blue
luminescence when it relaxesttee ground statéFigure 1.27a). The emission wavelength of
theluminescences located at 420 nm, hence it is possible to dired®ethe fracture regions

of polymer materials ithe tensile tesby thenaked eyes. Moreovethe mechanophorean
transferthe energyo other fluorescent acceptdrg Forster resonance energy transfer (FRET).
This can be used tturther enhance itefficiency and to tune the emissioncolor. These
excellentpropertiespromote the application of Xdloxetane mechanophote the study of
polymer fracture behavior and the thermoplastic elastomers fﬁ’ﬁi re

Figure 1.Z: (a) The schematic representation of the activated process oflibxeane
mechanophofg; (b) the image o& sampleontaining activated,2-dioxetane®

Recently, the 1,2-dioxetane mechanophore was used asiolecular probe to study the
damage and failure mechanism #oft polymer materialsas reported by Creton and
Sijbesma®in 2014.1,2-Dioxetane was incorporateak a crostinker into the first network of
tough multiple network elastomers. Ixtensionthe stress transmits along the polymer chains
to the 1,2dioxetane and activagghe mechanophore the highly prestretched first network
As shown on Figure 1.27Db, the triple network elastomeshowa strongluminescenceinder
loading Compaing the single double and triple network elastomers, thifferernce of the
intensities ofthe luminescent signaktan be used tanterpret at least qualitativelythe
reinforcenentmechanism of multiple network elastomdfgst, multiple network elastomers
emit luminescence during uniaxial tensile té3tat provesthat the first networkused asa
filler undergoes bah scission to dissipate energy.In addition, in Figure 128 the
luminescencdlustratesthata greatfraction of the scission of polymer chains takplacein

the first network around the crack tip. Moreover, the region of luminescence region in triple
network elastomers (damaged region) is larger tifian the double network This
demonstrates that the framtuof the first networkeduceghe stress concentration adelays
the crack propagation and the final failure of elastonmferaore exciting things that it isthe
first time that the spatial distribution of brokdmonds ahead of crack tips mappedby
mechanochemistry.

An important pointis the lifetime of the luminescence. It is only 20 nS after the scission of
1,2-dioxetane mechanophore aride activation is irreversible. In additiothe weak blue
luminescencedemands a relatively dark environmemill of these demand rigorous
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requiremerd for the sensor.Furthermore, the polymer chaigennecting with 1,2lioxetane

relax after the activatiordue to the scission type mechanophore ofdlo2etane which is a
disadvantage for the constructionadodel by simulationThe 1,2-dioxetanehashowevera

good potential as a molecular probefor the time-resolveddamage in polymer materials.
However, the immediate character of the luminescence and the relatively low emission
intensity makes it unsuitable fetatic observations such as confocal microscopy or for fatigue
experiments where a small damage as a function of time needs to be monitored

Figure 1.8: The distribution ofuminescence intensity due to bometakage around the crack
in the multiplenetwork elastomets

3.4 Mechanochromic polymers

Distinctly different from mechanoluminescent polymengchanochromic polymedisplaya

more stable(and reversible yesponseto mechanical activation by changing thewlor.

Owing to the visible signal of color changet is more convenient and feasibfer

mechanochromic polymers to sense and mmagecular forces and from theske stress
distribution in polymers.

The ILUVW PHFKDQRSKRUH XVHG LQ SRO\PHU UHVHDUFK
group’® was the firstscientistto covalently incorporate SP into the polymer backbohe
poly(methyl acrylateandto demonstrate itsolor change upomechanicaktressasshown in
Figure 129a. SPcan transform into merocyanine Yby applyinga force or UV light This
reactionwas accompanied bg color change from colorless to purple. Furthermdréhe
molecule is not broken but simply unloaded, tM€ is able to return to its original
configuration SRandthe color will disappear agaiMoore et al. used SP derivative as the
initiator to prepare polynethyl acrylatg by controlled free radical polymerizatiar asa
crosslinker to synthesizepoly (methyl methacrylate)etworks In elongation tesf the color
of these materials turned from colorless to red as shown in Figz@e. Bince therthe SP
was widely applied inthe study of mechanical properties polymer materials. Weng et al
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used SP as a tool to study tk#ect of supramolecular interactisnon the mechanical
behavior of polyurethaffff ™ Craig and Zhao et ¥ , utilizing the reversiblectivation of
SP imitated the color change of cephalopodsaaradyzed the stress distributionsaift robots
etdls3,

Figure 1.29 (a) Schematic representation of the active process of spiropyran; (b) the images
of thespecimen in the tensitest®

Anotherexample waseporedrecently E\ : H Q J § V¥ Th&»uSedspirothiopyran (STP),
which possesses a similar structuiee SP. STPshows multiple functionalitiesncluding
mechanochromism arttle capabilityto undergo amaddition reaction after activatiom STP,
the SC bond is easy to rupturaderstresswith formation ofgreen thiomerocyanine (TMC).
The thiolate moigt in the TMCis releasd after the activation of STPand may undergoa
rapid thiokene click reaction, which provides an approaclkrtsslinkpolymer materials in
the damage regions. Weng et al.combined STP with polyester or polyurethanand
demonstratethe mechanical respargy of STP in solution anth abulk polymerasshown
in Figure 130a. Both the solution andhe polymer sampleturned from yellowto green after
stimulation using ultrasoundor stretch respectively Meanwhile, they ao proposed the
occurrence of #ocal reinforcement of polymer materials in the danthgene bythe cross
linking reaction ofTMC with N-ethylmaleimide.
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Figure 1.30Mechanical activation of STP mechanophore

Another example of mechanochromic molecules are diarylbibenzofuranone (DABBF)
derivatives,which form a new group of mechanochromic agents, synthesized by Otsuka et
alﬂﬂin 2015. DABBF has a yellow color and undergoes a mechanically induced hemolytic
cleavage of the central-C bond with the formation of a blue radical compound {Fag
1.31)%. As a result, when DABBF was covalently coupled into the chain of polystyrene with
various structures and different lengths, teservation of theolor changecorfirmed that

long polymer chains and star polymers structure had a higher sensitivity hamezd stimuli.

This work suggestswhich polymer architectures can improve the sensitivity of
mechanochromic polymef§Because of the reversibdynamic covalent bonding in DABBF

the elastomers show a sékaling property and can be used for the initiation of concurrent
reactions. For instance, Sijbesma et al. applied it for the secondary radical polymerization of
norntvolatile acrylate, whichsi triggered by mechanical forces. The strategy is useful for self
healing.

Figure 131: (a) Scheme of the activation of DABBF mechanophore; (b) the image of sample
with activated DABBF
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Recently, hodamine (RFOH), a biocompatible moleculavaschosenas mechanophore by

Jia and his cavorker$’. Due to itshigh energy barrieof activaton and multiple synthess
stepsof modification ofthe active terminal group, stuse asnechanophorgas very limited

until 2015besides its widespread applicatiorthe biological field. In this report, RFOH was
crosslinked intoa polyurethane network and showadistinct color and fluorescence change
undercompressior{in Figure 1.32a). In order to enhance the mechanical response €DRh

Bai and ceworkers$® designed and synthesized a new-@®H modified with two electron
donating tertiary amino groups (feige 1.32b). In this work, theelastomer coupld with Rh-

OH showed a color transformation from colorless to dark red in tensile testhe cyclc
loading tesd, elastomershowed threeprimary-color fluorescent emissiobandswhen they
wereexposedo UV light (in Figure 1.32c). Thethree primary fluorescence color (light blue
red-yellow) are attributed to the conformation transition of Rl in theactivationprocess.
Once the €N bond in the spirolactam was broken, the zwitterion planarized instantaneously
which extended the conjated system resulting in reghifts in both the absorption and
fluorescence spectra. In unloading, the zwitterions immediately returned to the bent geometry
leading to a blueshift in fluorescent spectrum (Rige 1.3D). These characteristiabove
make RROH a potential molecular force protm.

Figure 1.32 (a) The activation of rhodamine with compres&forib) The structure ofthe
rhodamine crosBnker; (c) thefluorescenf(left) and optical (right) images of TRlastomers
with rhodaminen the loaddand unloaddstate&®
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Comparing all the mechanopheiescribed above, SBthe most promisingnolecular force
probe and we planto use SP tomap the stress, deformation and damage distribution in
multiple networkelastomers. The main reas@rsthefollowing:

(1). SP is provided with a simpkendwell developedsynthess scheme, whiclieads tohigh
prodictivity. In addition, SP is stable

(2). SPactivation has low energy barriewhich makest more sensitive to mechanical force.
The single molecular force spectrum of BBasuredy the & U D L J § ¥ déidhatrEedthat
240 pNonly are neededo activateone molecule o8P (in Figire1.33a).

(3). After activation, MC issufficiently stableto be compatiblavith better spatially resolved
SSRNRUWHP” LPDJLQJ

(4). SP can be incorporated into the first aadond network, respectively. We then can study
the fracture mechanism of multiple network elastomers.

(5). SP can be activated by UV light. Dividing by this saturated SP fluorescence or color
intensity (activated by UV), we are able to quantify the attveéSP percent and map the
stress and strain.

(6). Finally one of the most important pogis thatthe SP molecular probean be used to
map the stresduringthe unloading process. The reason is attributetig@differentisomers
of MC that lead to sjht changes ircolor betweenthe loadedand the unloaded states
observedy Craiget al®? andWenget al’®. As shown in Figure B4b, after activation of SP
into MC, the color of the elastomers changdrom blue to purple when the materiakre
submitted tacycles of loading and unloadingccordingto the reslts of Craid®, it is due to
the diverseconformationsof MC. When MC is inits stretchedtensile state, it manigs a
metastability, where the main compositiontie CTC or TCCisomer shown in Figure 13B.
During relaxationjt transform intothe more stable TT@r TTT groundstateisomerthrough
internal conversion between different isoni&¥é The transformation of Sihto MC is
reversibleunder visible lightand itis possible to reuse the polymer materitds further
investigationslt is also interesting fopotentialappications inindustry.

Figure 1.3: (a) The single molecular force spectrum of @Rasuredby AFM; (b) the
different isomers of M&
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In &KHQ TV D Q frevibu® de§aarch about SRheyincorporated SP into the backbone
of polyurethane networkandobservedhatthe elastomershowtwo coloss around the crack
tip in fracture tests (in Fige 1.34c). The result deonstrates theotential of the SP as an
insightful molecular prob&r mapping the stress distribution in polymer materidtsvasnot
only used tomeasure the stress, but ateadentify the relaxed regiong-hereports ofZhu et
T are also consigint with this conclusion. However, due to the limitatianof the
viscoelasticityof polyurethane containing hydrogdsonding interactios) the quantitative
analysisof the stress omof the deformationwas difficult to carry outfor the zonearound the
crack tip.

Figure 1.3: (a) the strairtime curve of polymer material under dgdoading test; (b) the
images osamplein the cycle loading; (c) the imagessamplein the fracture test
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Conclusion and motivation of the manuscript

We hawe describedlifferent strategies to synthesize tough elastomers. The @ssaobfiller
is a cheap industriaktrategy however, it leadsin most casedo the loss of optical
transparencyand increases the density of the elastoniEne reinforcement bythe
supramolecular interactisrieads tosignificant viscoelasticityand viscoplasticity (residual
deformation) Comparedio these systemshe interpenetrated multiple netwopkesentan
effective strategy to toughen elastomensd to control themechanical strengtlioy the
properties ofthe first networkwithout becoming viscoelastic or losing the transparency
However, thereinforcement andracture mechanism of multipleetwork elastomerat the
molecular levelis still an openquestion, especiallyn case ofthe crack propagatioas it
involves greatenergy dissipationA comprehensive study requiras aproachallowing to
map the stress, deformation and damaged region in the materialstiaulpgraround the
crack tip.the objectivehereis to developa physically basednodel of the mechanism of
reinforcement, whictcan thenguide the design and syngie of robust elastomeis the
future.

In mechanochemistry, mleanophorexan beincorporated in the polymer chaits exhibit

various mechanical response after activatinder mechanical stimuli. Spiropyran (S&pne
of the photochromianechanophores that isedasmolecular force probe for reime stress
sensing.This is due to itshigh sensitivityto stretchingforce, and strong opticalesponsdyy

thecolor change.

In order to construct a molecular model tanderstand thefracture mechanism of
interpenetrated multiple network elastom&Bas amolecular force probean bencorporate
into the different networks ahultiple network elastomer3he color change of SB able to
monitor thedistribution of thereattime stress and strain state @blymer network during
extension.We hypothesie that therewill be a closecorrelationbetweencolor change and
stressand will attempto quantifythe stresaccording to the color distributiorzurthermore,
the fascinating feature of MC that shows different colors in loading and unloading is critical
to detectthe tensile history in fracture teahd during crack propagation. Additionallfew
people focued on the tranfer of stressfrom the siff first network to the extensible second
network after large damage occur in the first network. Howgitels a critical factor that
needs to be&nderstoodor the molecular model or the simulation of fractuée are hopeful
that the color change cominfrom SP incorporated irdifferent networksseparatelywill
provide crucial newnformation. The work in this manuscript presents rtieping ofstress
at themolecular level by mechanochemistry andl lead to a betterunderstanihg of the
reinforcementmechanisms
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Introduction

This chapter focuses othe synthesis of multipleinterpenetratednetwork elastomes,
including the synthesis othe mechansesponsivespiropyran (SP) crodsker. This thesis
will be focused on thislass of materials.

Also, details on the synthasof different elastomers based on varythg crosslink densities

and the SP concentration in the first networkill be discussedMultiple networkswere
prepared based on the same first netwmdde from mainly ethyl acrylatefo examine
mechanical behavior and responsiverddbe elastomers, several genarathodshave been
developedand usedand will be described including uniaxial tensile tess and most
importantlythe analysis of the color change during traction with the use of a color camera
providing anRGB signal
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1. Standard synthesis of multiple networks

The preparation of multiple netwokdastomersonsistsin a sequence ofree radical photo
polymerizatiors following the methodology developed by Ducrbtand Milleread. In our
case, and ircontrastwith the method previously usedno solvenwas usedor the synthesis
of the first network avoiding therefothe rinsng stepand shorteimg the synthesis timeThe
first network was prepared by mixing monomers, two types of dmdesrs, and an UV
initiator. From that basic classical elastomeric network that we will often refer teirage
network (SN) or filler network multiple iterationsof swelling, photo polymerization and
drying werecarried outo synthesizea standard family of multiple network$astomers

1.1 Chemical reagents

Table2.1: Chemical reagents used for synthesizimgtiple network elastomers

Notation| Chemical name Molar Purity origin CAS
mass
EA Ethyl acrylate 100.12 99% Aldrich | 140-88-5
HMA | Hexyl methacrylate 170.25 98% Aldrich | 142-09-6
BDA 1.4-Butarediol 198.22 90% Aldrich | 107070
diacrylate 8
HMP | 2-hydroxy-2-methyl | 164.20 97% Aldrich | 747398
propiophenone 5
Ea Ethyl acetate 88.11 Technical | Aldrich | 141-78-6
THF tetrahydrofuran 72.11 99.9% Aldrich | 109-99-9
Ethanol ethanol 46.07 Technical Aldrich 64-17-5
MAC Methacryloyl 104.53 97% Aldrich | 920-46-7
chloride
3-Chloromethyt5-n | 215.59 97% abc 166443
itrosalicylaldehyde 0-7
2-lodoethanol 171.97 9% Aldrich | 62476-0
Chloroform 119.38 99% Aldrich 67-66-3
T™MI 2,3,3Trimethylindo| 159.23 98% Aldrich | 164039
lenine 7
KOH Potassium 56.11 80% Aldrich | 131058
hydroxide 3
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Ethyl acrylate (EA) or hexyl methacrylate (HMA),1.4-butarediol diacrylate (BDA),
2-hydroxy-2-methylpropiophenondHMP) were used as mononsercrosslinkerand UV
initiator, respectivelyAn aluminumoxide columnwas used to purify and remove additives
contained in aseceived EA, HMA and BDAOther reagents were used without further
purification. Bhyl acetate (Ea) was us&ud some of the polymerizatiorte ture the level of
pre-stretchin the first network Other reagents were used to synthedize spiropyran %P
mechanophore an add reactive functionality to SResulting in @ SP-dienecrosslinker A
list of the chemical reagenisprovidedin|Table2.1

1.2 Polymerization conditions of the networks

Free radicaphotopolymerization is chosefor the synthesis of multiple network elastomers
In the photo polymerization, HMP is used as ultraviolet initiator and its reasteehanism is
shown in th¢Scheme2.1{ HMP decomposeg into tworadicals under the stimation of UV
The radicalsreact with the double borglon the monomes or crosslinkersand then the

polymer chaingrow rapidly and fornthe polymer network.

Scheme.1: The activated mechanisofi HMP UV initiator

During such freeradical polymerizationthe acrylate monomer isusceptiblg¢o chain transfer

reactiors since the H in alphpositionof the acrylate function is labiles shown ifFigure 21
Theside reaction can lead to unwanted netwamknectivitybetween networkdnspired from
*RQJTV VI\QWKHVLYV?> Rl oléGthaRaldcBain transfereactiors and the
number of termination reactienduring polymerization the UV intensity and initiator
concentration was set to bel® pW/cn?and< 1 mol/% réative to the moomer. At the same
time, the low UV intensity and initiataroncentratiordecrease the number of chagrowing

simultaneously am thenincreases theyelation time. Another approachto decreasg the

transfer reactiamis to usemethacrylate monomenstead ofacrylate monomefFigure 21):

the methyl group on the methacrylate monomenreactve towardsadicals

It should be noted that thpolymerization shouldbe conduced under a low initiator
concentrationWhen the concentration of initiataras seto 10 mol/%, under UV irradiation
large amountef chains groved simultaneously resulting ia largeincreag of thetermination
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reactions.Additionally the polymerization produae many short polymer chainsWhen he
single networks prepad with a high initiator concentrations were washed into etipdtate,

10 wt% of the single networlwvere extracted, and it is likely that the architecture of the
remaining network was also more heterogenedigsing its mechanical propertieglowever,

if the initiator issetat 1 mol/%, the percent of short polymer chainsakWw 1%. This was
attributedto thereduction ofterminationreactiors between two radicals, resulting anless
distribution of linear polymer chais in the single networkn addition, b ensure radical
stability and to prevent oxygen inhibition, all the polymerizatstepswere carried out ina
glove boxin a nitrogen atmosphera which the concentratigrof oxygen and wateare both
below 0.1ppm

Figure 21: The difference between acrylate and methacrylate monomers

1.3 Synthesis ofthe spiropyran (SP)crosslinker

Scheme2.2: Synthesis of the synthesis of 8iel

The mechanophor8P diol isreadily prepared by a procedure adapted frothHJ 2% U\D Q'
repored metho8®. The synthesiss representeth|Scheme2 2| 2,3,3trimethylindoleninewas
dissolved into chlorofornand the solutionvas poured into a sealed reflux unit atejassed

by sequential freezingpumping and filling with nitrogen gder three timesThen110 mol%
2-iodoethanqlwith respect to indolevas injected into the device. This chemical reactvas
conductedor about48 hours undea nitrogen atmospherat 68 . The raw producl was
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obtained by removing the solvenhder vacuumafter the reactionand was washed with
petroleum ether. The raw product whendried overnighin vacuum Indolium iodidel was
converted to indol@ by grinding in a mortar and pestlingith potassiumhydroxide until a
yellow paste was obtainedhe indole2 was extracted from the yellow paste with petroleum
ether. Methylhydroxy substituted salicylaldehyd2 was obtained by hydrolysis of
3-chloromethyt5-nitrosalicylaldehyden a 50% acetone aqueous solution (volume fraction)
Finally, SP diol wasynthesized by the condensation reaction of comp@uari3 in a 50 %
ethanol aqueous solutﬁ ?IF

For SP toparticipate in the crosslinking reaction, the diol functionality was replaced with

diacrylate terminalgroups asshown in|Scheme2.3| 0.25 g spiropyrardiol and 455.5 R
trimethylaminewere mixed anddissolved in 30 mlof tetrahydrofuran in a 100 mL round

bottom flaskand the solution wasubsequentlycooled to O ( with ice. Then 319.3 R
methacryloyl chlorideNIAC) was added dropwisaver5 min usinga syringe.After 24 h, the
solution color changed fronyellow to pink. Subsequentlythe solvent wasemovedunder
vacuum.The solidraw product was puriéd with a chromatographic columeluting with
dichloromethaneesulting in gourple pasteThe purple producivas purifiedagainby hexane

recrystallizationyielding a yellow powdefThe NMR spectrunis show in|Figure2.2land the
detailed analysisof the spectrunis as follows: *H NMR (400 MHz, CDCJ) d 8.09 (s, 1H),
7.98 (s, 1H), [7.19%.66] (m, 5H), 6.05 (s, 2H), [5.91&88] (d, 1H), 5.57 (m, 2H), 4.97 (s,
2H), [4.324.27] (t, 2H), [3.573.37] (m, 2H), 1.91 (m, 3H), 1.27(s, 6H),

Scheme2.3: Synthesis of Stiene from SRiiol
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Figure2.2: NMR spectrum of Sfeliene

1.4 Synthesis ofthe first (or filler) network

Single networks were prepared without solvent. Therefosslinkedsamples did not need

to be washed with mixed solventbaths to extract unreacted species before carrying out the
second polymerizatiorand it effectivelyreducel the time needed for thesynthesis.The
detailed synthesis protocol of multiple netwonkss similar to what was reported in a
previouspublicationby Ducrog. SPwas covalentlyincorporatednto the first network along
with BDA. To accomplish this,1 mol% 2hydroxy-2-methylpropiophenongHMP) UV
initiator, 0.5 mol% crosdinker (0.05 mol%SP and 0.4601% BDA) weredissolvednto ethyl
acrylate (EA)and a purple prgel solution was preparetlote that molar percentages are

respective tanoles ofEA. The solution was poured ineomold (Figure 23) composed of two

glass plates with a silicenspacerto control thefilm thickness The whole device was
tightened by two metal frames to seal the mé&lmlymerization was initiated by U\ight (by
a Vilbert Lourmat lamp: model Vi215.1). After polymerization,a uniform purple rubbery
single network formed andvas subsequenthdried in a vacuumdesicator for one day,to
removeunreacted monomeréfter drying the singlenetwork exhibiteda reddishcolor and
was storal at room temperature in a dark environment for later Ths polymerizationis
shownin[Scheme2 4
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Figure 23: Custom made mold for the polymerization of a single network.

During the polymerization, the solution readh#he gel point inapproximatelyl5 mns under
UV light exposure. After thegel point, the viscosity significantly increadeand the solution
convered into a film. At the same timeundesired andheterogeneoushrinkageof the
polymer sheetvas observedesulting in the detachment of the gdenfrom the glass plates
and a formation oirregularfingering patterrs on the surface of filmrhis detachment process
was attributed to the variation afensity during the transformatiorfrom monomerto
polymerizedpolymer film. During the polymerization the volume of film decreased and the
film debonded from the glass surface. But the detachment did not occur simultaneously

Scheme2 4: Synthesis of standard single network

To makesmooth surface compatible with optical observationseveralapproaches were
explored One of the approaches wiaEreasng the spacebetween the two glass plates in the
mold andleaving an empty spadetween the top glass plate ahd solution which avoided
the debonding process during polymerizatistowever, due to the exothermic reaction of
polymerization, monomers evaporated quickly and condensed on the toplglass these
condensed dropletsaried the uniformityof the UV intensity on both sides of patyer films.
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This approach providesmooth surfaces buat gradient in properties through the thickness of
the film, and after polymerization tip®lymer filmcurled

Another strategwasadoptedtwo pieces ofransparenPET films with a hydrophobicsurface
wereplacedas liners on the internal glass surfaceshef mold Due to thestrong interaction
betweerthe PET andthe samplesthe detachment between tRET filmsandsampleslid not
occur and provided a smooth surfaceAfter polymerization, theelastomericnetwork was
peeled from the PET filmTo avoid fracture during peeling, a little acetone was smeared on
the reverse side of the PET film. Acetoddfused into the PET film The surface of
polymerized network attachinto the PET film was swollen amdaseasy to detach from the
PET film. Silicone spaces with different thicknesss were used to control the thickness of
polymerized networksln addition, this setup reseli in reproduciblesampleswith smooth
surfaces

1.5 Preparation of a family of multiple networks elastomers

The multiple network were prepared by sequentially swelling and polymeg as shown in

Scheme2.5| Due to the high swelling ratio (about 4) of the single network in the monomer

bath, only a small piece (about 3 cm length and 2 cm width) of the siagl®rk with mass
(1i¢), wascut ou from the first network filmandsoaked ira solutioncontainingdilute BDA
crosslinker (0.01 mol/% respective to EA), .01 mol/%% HMP, and EA When the equilibrium
swelling was reached double networks (DN) weyathesizedy polymerizing the swollen
single network After drying ina vacuumdesiccatarthe sarple appeareaolorlessand its
mass (| ¢ was measured During swelling polymer chains in thdiller network were
isotropically stretchedto a level given by théverse of the third power of the equilibrium
swelling (Equation 3) and this stretching levelwas then fixed by the subsequent
polymerizationf the swelling monomer EA

To obtain even higher levels of pstretch (O), thesetwo stepswererepeatd on the DN to
prepardriple networks (TN andquadruple network@N). Due to the presence tife second
polymerizednetwork, the entropy of mixing between the monomer and the network was
available again as a driving force to swell the DN to equilibrgiwing the possibility to
presstretch the first network further. The different samples were categorized under different
families of materials based on the properties of the first network. Due to the varying numbers
of swelling and polymeration steps witim the same family of materials, the different
samples possessed different-pteetch. Especially, in the TN and QN, the first networks were
pre-stretched significantly. Indeed, SP iretfirst network was activated duririige swelling
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processitself to prepare TN and QN. Thsewollen materials changed ta blue color. After
polymerization andliryingthe TN returned to colorlessdicating reversion of the MC into SP
Howeverthe blue color of QN was not easy to faddicating that some of the chains oéth
first network are fully stretched and maintain a force > 250 Adtording to the literatufg

the prestretch would dramatically affect the mechanical properties of multiple networks and
can be caldated byEquation 1, Equation @hdEquation 3:

Oic L ZA Equationl
He
- 0, . 1., = A = .
3, L U‘: L :.I.‘;_\f 7L Z—‘: 7 Equation2
< < <
~ 5 = .
& L ™ ] Equation3
é

where S¢, S,¢ ic wcand |, are the thickness of SN and DN, the volume of SN, DN

and the weight percent of SN, respectivéty addition, thelevel of pre-stretchof the filler
network could be tailored to an arbitrary vahyeusing solvent to replace part of monomers in
the swelingSURFHVY DV GHVFULEHG LQ 3LHUUH OLOOHUHDXTYV

Many sample with diverse composition have been synthesittteafter,all the materials
will be referred akllows:

Ax-y(z)B

A: Monomer of the first network

B: Monomer of the other networks including second, third or fourth networks
x: Total crosdinker densityin the first network

y: SP concentration in the first network

z: Prestretch in the first network

For example, EA0B.05(2.23)EAmears thatthe samplgossesses dlér network composed
of EA monomer, 0.5 melo of crosdinker including 0.05 mobo SP, I, L t&u of
pre-stretch and a second network consisting of EAable2.2 showsall thematerialswhere
SPisincorporatedn the filer networkonly.
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Scheme2.5: Synthesized procedure of multiple networks elastomers

2. Synthesis ofvarious multiple network elastomers

To explore theeffects of crosslinking density and SP concentration on the mechanical
response, single networks witkiarious concentrationsof SP and crosknkers were
synthesized.

2.1 Effectsof crosslinking in the first network

The frst networkacts as a percdating filler which quantitatively controls the mechanical
propertes of multiple network? and the mechanical properties dhis filler network are
significantly affeced by the crosslinking density To study the effect oftrosslinking
density on the mechanical response, various single newwaiikh different crosdinker
densitiesat a fixed SP concentratieveresynthesized.

The crosdinking density in the first network wagaried from 0.56 to 0.01%, respectively
Based on this SN network, a family of materials were synthesizedoa® in thg¢lable2.2
In order to explore the mechanical properties of madtipetwork composed of a loosely
crosslinked first network, another family of materialgasprepared
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Table2.2: The description of all the materials used in this manuscript.

Polymer name First network SN wt% Npoly Q@
EA0.5-0.05(1) 100 1 1
EA0.50.05(1.56)EA EA0.50.05(1) 26.5 2 1.56
EA0.50.05(2.23)EA EA0.50.05(1) 9.0 3 2.23
EA0.50.05(2.84)EA EA0.50.05(1) 4.4 4 2.84
EA0.2-0.05(1) 100 1 1
EA0.2-0.05(1.70)EA EA0.2-0.05(1) 20.2 2 1.70
EA0.2-0.05(2.61)EA EA0.2-0.05(1) 5.6 3 2.61
EA0.2-0.05(3.55)EA EA0.2-0.05(1) 2.2 4 3.55
EA0.01-0.01(1) 100 1 1
EA0.01-0.01(1.96)EA EA0.01-0.01(2) 13.2 2 1.96
EA0.01-0.01(3.28)EA EA0.01-0.01(1) 2.8 3 3.28

(Npoly is the number of polymerization steps)

2.2 Various SPconcentrationsin the first network

Color changs originate from the activaticenddeactivation of the mechanophoféerefore,
chromatcity correlates withthe concentration of MC. In order to study the efent SP
concentratioron the color changet is necessary to prepaetastomers possafag identical
(or at least verysimilar) mechanical propertiesBecause the mechanical propertiae
controlledby the first network, therosslinking density in the first network wadgeptconstant
but the raticdbetweenSPmechanophore crosslinkand BDAcrosslinkerwas varied A series
of single network were synthesizednd therespective double, triple and quadruple networks

were alsqreparedasshown ifTable2.3

Table2.3: The information about multiple network elastomers with diverse SP concentration
in the first network

Polymer name First network SN wt% Npoly Q@
EA0.50.025(1)EA 100 1 1
EA0.50.025(1.60)EA EA0.50.025(1) 24.3 2 1.60
EA0.5-0.025(2.35)EA EA0.50.025(1) 7.8 3 2.35
EA0.50.025(3.05)EA EA0.50.025(1) 35 4 3.05
EA0.5-0.0125(1)EA 100 1 1
EA0.50.0125(1.58)EA  EA0.5-0.0125(1) 25.3 2 1.58
EA0.50.0125(2.36)EA  EA0.5-0.0125(1) 7.6 3 2.36
EA0.50.0125(3.11)EA  EA0.5-0.0125(1) 3.3 4 3.11
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2.3 Different monomers in the first network

Due to the labile hydrogen on the alpha position of ethyl acrgatehown ifFigure 21

chains transfer reaction occurs during the polymerization. Chain transfer reaction results in the
increase of covalent crosslinker density of the filler networks and in the subsequent
polymeization it leads the connection between the first network and the networks that are
synthesized afterwardslowever, methacrylatemonomersan avoid this side reaction because

of the absence of the labile hydrogen on the alpha positakin advantage dhis feature of
methacrylate monomers and the methodology of mechanochemistry, the stress transmission
between different networks and the fracture mechanism of the interpenetrated multiple
networks can be further studied. SP as a molecular probe wabn&ex$snto the second or

third network to sense the stress and deformation in exter&ime the crosslinker density is
much lower than the first network. To ensure the sensitivity and resolution, SP was the only
crosslinker when it was incorporateddrthe second or thdrnetvorks. The other synthesized
condition and quantity are the same as the standard f§a#@.50.05) For the group of
materials whose monomer in the first network is HMA, the UV exposure time is increased to 6
hour to ensure theomplete polymerization and other condition (crosslinker density, UV
intensity, initiator concentration etc.) keeps constahitthe materialsusedto study thestress

transmission are shown (ifable2.4| The notation of polymers are a little different from the
standard family. A number is added behind the original notation and it represents the position
in the multiple networks. For instandeA0.5-0(2.#A)EA2 illustrates the SP concentration in

the first network is 0 and the SP is located in the second netiMoekdetailed researdhat

these materials is usedll be presented in chapter 5.

Table 2.4: Various multiple network elastomers consist of different first networks and SP is
incorporated into the second or third networks.

Polymers First network SN wt% Npoly Q@
EA0.50(1) 100 1 1
EA0.50 (1.8)EA EA0.50(1) 23.5 2 1.62
EA0.50(2.9EA EA0.50(1) 7.2 3 2.4
EA0.50(3.1)EA EA0.50(1) 3.4 4 3.1
EA0.50(1) 100 1 1
EA0.50 (1.82)EA2 EA0.5-0(1) 23.5 2 1.62
EA0.50(2.%4)EA2 EA0.50(1) 7.8 3 2.34
EA0.50(2.99EA2 EA0.50(1) 3.8 4 2.98
EA0.50(1) 100 1 1
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EA0.5-0(1.55)EA EA05-0(1) 26.3 2 1.56
EA0.5-0(2.34)EA3 EA05-0(1) 7.8 3 2.34
EA0.5-0(2.76EA3 EA05-0(1) 4.8 4 2.76
HMAO.5-0(1) 100 1 1
HMAO0.5-0(171)EA2 HMA0.5-0(1) 20 2 1.71
HMAO.5-0(2.85)EA2 HMA0.5-0(1) 4.3 3 2.85
HMAO0.5-0(384)EA2 HMA0.5-0(1) 1.8 4 3.84

3. Characterization of multiple network elastomers

3.1 Tensile tests

Uniaxial extension experiments were performed on a standard tensile Instron machine, model

5565, fitted with a 100 N load cell andustom made@neumatic clamps$Hgure2.4{a)). The

clampsreduced slippage and damagethe samples bgllowing precise control over clamp
pressureTo measure the strain during the uniaxial deformatien,black marks were made
on the homogeneouslgleformed zone of the specimens. An R@&8mera (SENTECH:
STGMCS241U3V, image sensor: SONY IMX174, cell size: 5.86 umx5.86 witf) a frame
rate of 25 fpswvas usedo record the relative displacementtbétwo black markergKRigure

24(b)). MATLAB scripts wereused to analge the positiorof the marksfrom the recorded

videos, which allowed for accurate determination of the appinéaixial stretchThe nominal
strain was defined d@squation 4:

aL Equation4

3> 3

wherelLo and L are the distansédetweenthe two centroid of the marks before and after
stretching, respectiveli.he engineering stress wabtainedfrom the Instron machineBefore
performing tensile testsall specimens were exposedwhite light for 5 mirs to ensure thall

of the mechanophores were in its unactivated SP form.

3.1.1 Uniaxial extension

For uniaxialtensile ted, sampls with a dogbone shapavere made byusng a premade

punchas shown ifFigure2.4p. The gauge length of the central part is about 20andthe

thickness of samplesried from0.6to 2 mm. Testswere perfornedwith nominal stretch rate
gGangng from 001 to 1 &,
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Figure2.4: (a) The pneumatic clamps aifid) the specimens for extension tests

The nominal stress was determined by normalizing the meh$oree, F, by the initial
sample crossectional areasdefined inEquation 5

I, L=, Equation5

.
S

wheredandh UHSUHVHQW WKH VDPSOH ZLGWK DQG WKLFNQH\
was calculated from data obtained at low strains.

3.1.2 Cyclic loading tests

To explore the reversibility of the activation of SP, cyclic loading tests were performed with
EA0.5-0.05(223)EA sample. A dogpone sample was used in the test and the stratelvas

setat %@ L &6 0.05 . To ensuréghatthefractureof sample did not occuturingthe test, the

maximum stetchwas set to| L t & below thecritical value offailure ofthe samplegFigure

2 5(shows four cycles of tensile loading.

Figure 25: Cycle stresstrain curves of EA0H.05(2.23)EA
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3.1.3 Step cycleelongation tests

To study the energy dissipation in tensile tests, various TNs elastomers with different
crosslinking densities and SP concentrations in the first network were used to perform step
cycle loading tests. The stretch rate was set to 6Dk ghe loading and unloading and the
maximum strain started froml L s@with a 0.1 interval until samples failed as shown in
Figure2.6| Due to the different mechanical properties, varying categories of samples exhibited
various stetches tdailure and different numbers of cycle.

Figure2.6: Strain as a function of time of EAG(BRO05(2.23)EA in step cycle elongation test

3.1.4 Relaxation test

To explore thestability of MC in the tensile tests, relaxation tests were performed with
EA0.50.05(2.23)EA sampleA dog-bone sample was stretched toL t & and maintained 7
mins at tlat fixed stietchas shown ifFigure 27| The whole procedure was recordedtby
RGB camera and the video was used to do color analysisataine the behavior of SP after
activation. Thanethodology for theolor analysis W be introduced in thaextsection.
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Figure 27 : Relaxation curve of EA0-B.05(2.23)EA sample

3.1.5 Fracture tests

To studythe fracturetoughnessand mechanical responeéthe multiple networksrround the

crack tip, fracture tests were performed with the standard farhihyaterials and part cfome

other groups of materialgurthermore, due to the tedious procedure of synthesis foiprault
networks, it took a long time to prepare a family of elastomers. Unfortunately, those
elastomers can not be reused after tests. In order to save the elastomers, a uniform rectangule
sample was made by a strip punch vatlsize of 20 mm (length), 10m(width). A 1 mm

long notch was madwith a razor bladen one side of sample as shownFigure 2.8| The

sample was fixed on the pneumatic clamps and the origingiheof sample between clamps
was controlled at around 10 mm. A camera was also set to record the mechanical response
during the crack propagation and te&etchratewas seiat & 0.05 &' After the tests the
videos made by this camera was used to calculate the precise Btaaking two dots (two
marks or two defect points) located on the both sides of the crack by MATLAB, the distance
of the two dots was detected until the crack profharhen the precise critical strai&; of
crack propagation could be measured. The strain energy densifi;, was calculated by
integrating the stresstrain curves of tmotched samples up to the critical strain. The fracture
HQHUJ\ = RIfiRdyWbk\¢chlcuiated by:

ALt %H9 :&, H= Equation6

%L ¥—7_ Equation?

WhereC is a strain dependent empirical correction assogitdehe lateral contraction tie
sample in extensioand @ Yis the length of notch.

66



- Synthesis and characterizationmé&chanicdy/ responsive multiple network elastomers

Figure2.8: The image of sample for the fracture tests

3.2Color analysis basic principles®©

To map the stress and stralistributionin the materials the relationsip between theptical
response (color change) and stress or stnaieds to be examine€olor changecan be
guantifiedpreciselyusinga spectrometer of course but if the goal is to map the color change
pixel by pixel an RGB color camera presents distinct advantag®SB stands for the three
base color composition, namehgd, green anddlue. A white background waglacedbehind

the sarples anda videorecording of the entire experimemnas madeA subsebf snapshots (5
frames per second) were extracted from the vidieeseriesof snapshots wengrocessed and
analyzed using a MATLAB script. Specifically, the frames were cotorected based on a
white reference area. The color channel in the reference aseescaled to the same mean
intensity. The scaling factor was used to rescale the RGB values in the entire frame. An

example of the color correction $hown inFigure 29((a). The chromaticity for each pixel in

the frame was determined

~o L =, Equation8
~ S .
so b TTo37 Equation9
~ n .
no b 935, Equation10

where "t "ay,and ", ., represent theed, green and bluehromaticity respectively R, G
and B are the intensits of the red, green and blue channéis each pixel. The chromatic
change (RGB ratio) was calculateals
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¢ ~ol oo FuaJuu Equation1l
L~ [S N e .

¢ sol Soon FuaJuu Equation12

& no " FUI0U Equation13

~>S>n

where chromatic change is relative to the sample chromaticity at the start of the experiment
and 0.333 remsents the chromaticity dfie rescaled whitbackground. The chromaticity of

the background forms the base line before the chromatic chantpe efhitesamplesoccurs
andfactors outittle differences between sampldaa terms of thickness and planarity (causing
unwanted reflection) in particulaBut the difference did not affect the chromatic change. The
whole process described above is called color analysis.

Figure 29: (a) The proceduref the RGB analysis; (b) the relative responsetiod camera
sensor for various visible light

An importantfactor in the color analysiss the sensorof the RGB camerawhich affects the
sensitivity of color changgrigure 29(b) shows the relative responsetloé sensor to various
wavelengths otisible light. Since the color change (colorless to bisdpcated at 450475
nm, the blue and green chanigelill be more sensitive thathe red channelDuring the

unloading processincesamples change from blue to purgiee blue channel will have the
most sensitiveesponse.
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Conclusion

An SPcrosslinker ha been synthesized and was covalently incorporated into rubbery single
networks. In addition, the mold was modified to synthesize single networks with smooth
surfaces. Starting from diverse single networkarious categories of multiple network
elastomers have been synthesized. Theye catgorized into four families withdifferent
crosslink densities an@&P concentratiagin the first network.

Tensile tests were performed to detect the mechanical pespert the four groups of
materials, including uniaxial extension tests, cyclic loading tests, relaxation and fracture tests
To quantify the chromatic change of samples, color analysis was used.

The synthesized protocol of SP mechanophore crosslimcerttee multiple network have
been describedThis approachwas ableto synthesizecategories ofmultiple networks by
tailoring the crosdinking density and SP concentration in the filler netwofke rapid
synthesis of the multiple network with smooth surfawas proposed by altering the standard
synthesis method and modifying the mold used by Dti2and Milleread.

After the synthesis, various tests to detect the mechanical properties of multiple networks were
introducel. Additionally, the strategy to quantify the mechanical response of multiple

networks by color analysis was present in this chapter.

Finishing the synthesis and tests, the mechanical properties and mechanical response will be
introduced in the following chapter.
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Appendix

1. The detakdprotocol of SP synthesis

Scheme &: Synthesis oR-hydroxyethyt2,3,3trimethyt3H-indolium iodide

2,3,3Trimethylindolenine (1.5 mL, 9.3 mmol, 1.0 eqgand 30 mLchloroform waspoured

into a sealed reflux setup composeda Schlenk flask (nitrogen flaskand acondenser
Sequentialreezing with liquid nitrogen, pumping, filling with nitrogen gasre carried out to

pump out most of the oxygen in the setupiodoethanol(0.8 mL, 10.2 mmol, 1.2 eqwas

injected into tke setup and the chemical reaction as shov8chieme Svas conducted under a
nitrogen atmosphere at 68. After 48 hours, the red suspension was cooled to room
temperature and the solvent was removed under vacuum. The solid was collected and washec
with petroleum ether and ether, respectively. A deep red po{@deig, 9.1 mmol, 96%\as
obtained by drying under vacuum overnight

'H-NMR (400 MHz, CDC4 / SSP -7.76 (m, 1 H, AH), 7.6%:7.55 (m, 3 H, AH),
4.88 (t, 2 H,-NCH2CH20-), 4.20 (t, 2 H,-NCH>CH:20-), 3.10 (s, 3 H, Ch), 1.65 (s, 6 H,
CHg).

KOH (0.31g, 5.5 mmol) and the indolium ioditg€0.97 g, 2.9 mmol) was placed in a mortar
and grinded with a pestle until a yellow paste was obtained. The iRd0l&5 g, 2.7 mmol,
93%) (orang liquid)was collected byextractng the yellow paste with petroleum ether
evaporating under vacuum, drying in vacuum overnight

1H-NMR (400 MHz, CDCI3) / (ppm)=7.07 (m, 2H, Ar-H m-NR2), 6.84 (m, 1H, Ar-H
p-NR2), 6.76 (m,1 H, Ar-H 0-NR2), 386 (m, 2 H, -NCH2CH20 ), 373 (m, 1 H,
“NCH2CH20), 357 (m, 2 H, -NCH2CH20), 1.37 (s, H, C(N)(O)CH3), 1.31 (s, B, CH3),
1.23 (s, H, CH3).
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Scheme ZI: Synthesis ohitrosalicylaldehyde

3-chloromethyi5-nitrosalicylaldehyde (0.2 g, 0.93 mmol) was dissolved into 1 mL acetone
and the solution was diluted by 0.35 mLg . After 20 min reflux, 0.15 mL 6 mol/L NaOH
aqueous solution wasstilled into the acetone solution above. After 3 Isoaf hydrolysis,
acetone and wer were removed under vacuum. The raw product was wash with bitg of
twice and a light yellow powder (0.15 g, 0.76 mmol, 82%) was obtained.

1H-NMR (400 MHz,CDCI3): /(ppm)=11.93 (br s, H, phenol), 10.24 (s, H, -C(O)H),8.72
(d, 1 H, 3 Hz, ArH ortho CH20H), 8.62 (m, 1H, Ar-H paraCH20H), 4.82 (s, H,
-CH20H),4.64 (br s, 1H, CH20H).

Scheme2.8 Synthesis of SHiols

Indole 2 (1.0 g, 4.9 mmql1.1 eq) andnitrosalicylaldehyde3 (0.81 g, 4.1 mmol, 1 eqwere
dissolved into mixed solvent of 15 mLg and 15 mL ethanol. The solution refluxed
overnight unde78 ( . Ethanol was removed under vacuum and the deep purple raw product
was washed with g by ultrasound.The raw product was recrystallized in another edix
solvent of acetonitrile and ¢ (volume fraction= 7:3). SP with a bolarious powd&s g,

3.9 mmol, 80%) was obtained.
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IH-NMR (400 MHz, CDC¥) / S S[®12 & 7.97] (d, 2 H,J =3 Hz, ArH 0-NO), 7.17 (d,
1 H, J =10.5 Hz, AFCH=CH-), 7.12 (m, 2 H, AH mNRy2), 6.81 (t, 1 H,J =7 Hz, ArH
p-NRy), 6.64 (d, 1 HJ =7.5 Hz, Aro-NRy), 5.89 (d, 1 H,J =10.5 Hz,-CH=CH-Ar), [4.57,
4.42] (m, 2 H, Ar®20H), 3.74(m, 2 H, NCLCH,0OH), [3.48 & 3.31] (m, H, NCH.CH,OH),
[1.29 & 1.21] (s, 3 H, C(B3),).

Scheme&.9: Synthesis of SP mechanophore crosslinker

SRdiols (250 mg, 0.65 mmol, 1.0 egand triethylamine (907 pL, 6.5 mmol, 10 eevas
dissolved in 30 mL tetrahydrofuraifhe color of the solution was deep blue and when
tetrahydrofuran was mixed, it changed to deep pufie. solution was mixed in ice bath for

15 min andthen methacryloyl chloridevas instilled into the solution. The color of solution
changed from purpl® yellow. The temperature of this chemical reaction could be increased
to the room temperature in 3 hours. After 24 hosmne pink precipitate generated at the
bottom of flask andhe color of solution turned to pinKhe solvent was evaporated under
vacuum after filtration. The raw product was dissolved into 50 mL dichloromethane and the
solution was washed with saturatedg ; aqueous solution for three time. The
dichloromethane was removed and purple paste was obtained. To purify -tien8Pa
columm chromatography of silica was alsand dichloromethane was used as the eluent. There
are three composition flowing out from the column andd&®e is the middle one. The
SRdiene solution was collected and the solvent was removed under vacuum. Thalleerys

of n-hexane can be used for the further purify of thedi#&e.Finally, the pure product of
yellow powders (223 mg, 0.43 mmol, 66%) can be obtained.
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Chapter 3: Mechanical properties andoptical response of multiple
network elastomers
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Introduction

Four families of multiple network elastomers containing SP mechanapheree been
preparedAs discussed in the introductiongarding toprevious work SP in the polymer
chains can be activated by force. Busufficientforce in the polymer chain is necessary to
activate SP. @ obtain an opticakesponse (color change in this manuscriptpterials
possessing tough mechanical propertiesaracterizedy a high stress at break and high
fracture toughnesss required Before characterizing the mechanical respoossamples
containingSP, examining the mechanical properties of elastomers without SP is necessary.
The EA0.50.05 standard family materialwas used asa reference andts mechanical
properties were compared to other groups of materials.

To explore the correlation betwe#me mechanicabnd optical responsgsolor analysis was
used to quantify the chromatic change. Color analysieeobptical response to a mechanical
stimulusprovides information on the relationship between the variation of chromaticity and
stress (or strain). The development of the color analysis is impddardonstructinga
guantitative stress mappinin this chapterwe will introducethe approach of mapping stress
aroundacrack byanalyzing thecolor changevith increasing loading
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1. Mechanical properties

1.1 Standard family multiple network elastomers

According to Ducrot and Millereduthe first network controls the mechanical properties of
multiple network elastomers. To examine the effextincorporating SP as a crosslinker
instead of BDA on the mechanical properties of the SN, diverse singlerkstwith 0.5 mol%
crosslinker density weresynthesizedand uniaxial extension tests were carried
shows stresstrain curves of netorks with varying SP concentratioas the sameotal
crosslinker concentration. No significant differences in the s&&as response were
observed in the single networks.UshSP does not affect the mechanical properties of SNs,
indicatingthat SP can be used as a molecular probe for the measurement of stress and strain in
elastomers. Due to the similar mechanical properties of first network, the DN, TN and QNs
containing SP did not show obvious difference compared with a blank sampleuiws in

the first network).

Figure 31: The stresstrain curves of various single networks containing different SP
concentrations. Tik concentration refers to mol% of SP relativéh@total crosslinker.

To study the mechanical properties of interpenetrated multiple network elastomers, tensile
tests with various polymer networks were carried out. The data presented are based on the
EA0.50.05 family of materials, whiclkcontain the same SNconcentration To ensure

reliability, triplicate measurements were performed for each specimen type. The main results

of the mechanical tests are shown ThH LQFUHDVH LQ <RXQJTV PR
maximum stress shows the typical reinforcement effect observed for multiple networks.
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Table 31: The mechanical properties of EAGS5 family of multiple network elastomers.

Sample name ay SN Type of E/ MPa | Stress at breal
wit% Polymers /IMPa
EA0.50.05(1) 1 100 SN 0.85 1.1
EAO0.50.05(1.56)EA| 1.56 | 26.5 DN 1.16 4.6
EA0.50.05(2.23)EA| 2.23| 9.0 TN 1.88 15.7
EA0.50.05(2.81)EA| 2.81| 4.5 QN 3.96 10.6

The SNs shows a typical nétookeanbehavior until fracturataround 200% extension, DNs
display initial strain hardening befofieacture and TNs possess a strain hardening and strain

softening behavior leading to a high stress at break, as shffviguire 32|(a). QNs behaved
gualitatively similarly with stiffening followed by softening. However, EA0.B5(2.81)EA

(QNs) exhibiteda softer stress at break and toughn@ablé 31) than EA0.50.05(2.23)EA
GHVSLWH LWV KLIJIKHU <RXQJYV PRGXOXV GXH WR WKH VRIW

Figure 32: The stresstrain curves of the EA0-6.05 family of elastomers (a) before and (b)
after correction due to the pstretch.

Due to the different swelling steps during the synthesis, DNs, TNs and QNs possess different
degrees of prextension as shown|ifeble 31] Although he multiple networks have a lower
strain at failure compared to the SNs, the actual strain at failure of the first network embedded
in the multiple networks was enhanced. This increase in strain at failure of the SN can be
observed by applying a renormalion, to the nominal extension ratio as definedhqyation

1

dvazaplo@dHa Equationl
In{Figure 32(b), all the curves except SNs show the onset of hardéehgviorat 1335556 ¢

79



- Mechanical properties and optical response of multiple network elastomers

3.5. Thissuggestsa high stress in the polyme&hains of the first network. A difference
between thisvork and the work of Ducrot etZalor Millereau et dl is that no solvent was
used in the synthesis of the SNhich may have resulteth an increase in chain transfer
reactiondbetween networksluring polymerizatiorand in the presence of more entanglements
in the SN Chains transfer reactiormd entanglemenisducedan increase othe coupling
between networksThisresults in a less cleawverlap ofthe renormalizedtressstran curves
(after strain and stress correctithinwhat is reported ithe literaturé.

Figure 33: Corrected nominal stress as a function of corrected strain with EXX0E5family
group materials

As shown by Millereau etm softening is caused by the scission of polymer strands of the
first network that are oriented in the tensile directisimcethe stress prior to necking is
sustained by the first netwk. Considering the dilution of the SN in multiple networks, the
stress can be renormalized by the areal density of the SN chains for each material as shown in
Equation 2

N L N(;('j] (;6 ! Equation2

where Nand Ny, @re the areal density of chains of the first network in multiple single
networks, respectively. Similarlg correction for the stress is alsonsideredor the stress
strain curves, which is shown[Ffigure 33| The corrected stresgrain curves of this family
form a master curv@hese resultsonfirm the standpoint that the first network acts as a rigid
andcontinuous filler in multiple netwogkand bears the stress in tensile tests.

1.2 Various stretching rates

Mechanical performance can depend on the stretch rate when some physieihlczosor
entanglements exist in polymer networks resulting in viscoelastic properties of the polymer
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materals. To examine the viscoelastic properties of the multiple network systems, extension
tests were performed over a range of strain rates. Comparing the c{ffigsrén34] the DNs

or 71V VDPSOHV H[KLELW WKH VDPH <RXQJYV PRGXOXV DQG
from 0.001 g to 0.1 s'. However there seems to be an effect of the strain rate on the fracture
process since the elastomers fah dtigher stress when they are deformed at a high strain rate.

It illustrates that viscoelastic effects due to chain entanglement have a negligible effect on the

DN and TN elastomers for the EAQ.5 family of elastomers.

Figure 34: The stresstrain curves of (a) EA0-6.05(1.56)EA and (b) EA0-6.05(2.23)EA
materials \ith various tensile velocities.

1.3 Different cross-link densities

Acting asa filler network, the crosslinking densiy of the first network heavily impacts the
bulk mechanical properties of the multiple network elastomEne. mechanical properties of
multiple network elastomers with various crosslinker densibieshe filler network was
examinedFigure 35|shows the stresstrain curves of SNs with various crosslinker densities.
EA0.01-:0.01(1) has a same crelgsker density as the second/third/fourth network in EA0.5
0.05 family of elastomers and it catso be considered as a single second netvaorks a
matrix network Theses SNbave clearlydifferent mechanical properties, including varying
<RXQJYV PRGXOXV H[WHQVLELOLW\ DQG VWUHVV DW EUHDN
crosslinker densitybut it isthe oppositdor the elongation. Furthermore, the EAGQ.01(1)
shows a marked softening, due to the presence of entanglemersisaamdcardening at the
end of extension, which is not observied the more crosslinked materials that break at a
lower extension
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Figure 35: Stressstrain curves for various SN withfferent crosslinker densities

These SNs were used to prepare different families of multiple network elastomers.
Subsequently, the three families of materials vies¢éed inuniaxial extension. The results are
shown i The olor code refers to the number of swellipglymerization steps
used to prepare the sample. Red is one, purple is two, green is three and yellow is four.
Comparing the stresstrain cuves ofthe EA0.5-0.05 and EA0.2D.05 families, theeduction

in crosslinker densityof the filler networkresults ina decreasan the moduluswith no
decrease in the observed nominal stress at bAda&,. the EA0.20.05 family of materialss
more extenible that the EA0-®.05 family Note thatafter softening EA0.2-0.05(3.49)EA
exhibits astressplateauas slown in[Figure 36] This is a yielding phenomenon, whicis
sometimesobservedin the tensile tests of EAGG.05(2.81)EA samplesThe EA0.01-0.01
family of materialsdisplays asoft and extensible mechanichéhavior. In additionthe
EA0.01-:0.01(L.96EA shows ahardeningregime above &= 5. The similar phenomenon is
observed for DNs in other families at varying stretch rati®A0.01-0.01(3.28)EAexhibited
strain hardeningfollowed by a stresplateau this wasalsoobserved irthe QNs ofthe other
two families. Although a decrease igrosslinker densityresults in a lower moduluis the
three groups abovéhe breakage stresmd toughnesemain high
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Figure 36: Stressstrain curves of EA0-5.05, EA0.20.05 and EA0.0D.01 families of
multiple network elastomerdhe color code refers to the number of swelliodymerization
steps used to prepare the sampBled, purple, green, and blue correspond to single,leloub
triple, and quadruple networks.

The results for the three family of materials are summariagfable 31| and(Table 32|
respectivelylt is interesting to note thahé¢ improvement is nsb evidentfor materials with
high crosslinker density in the filler netwonhich illustrates that thdirst networkbehaves
as the filler networkhat largely determinesheir mechanical propertie$his isalsoevident
in [Figure 36| wheresystems made from SNith differing crosslinking densities exhibit
qualitatively different stresstrain curves consistent with previous repgttt®ue to the pre
stretchof the filler network initiated by the swelling in the synthesig dtrain of multiple
network can berescaled bya,and the stressan bereplotted as a function ofsz5a @88
shown inFigure 37((a). This correction leads to the formation tirde master curves, as
shown idﬁ(a} Samples with the higher crebsking density display an onset of
strain hardening at loweorrected stretcbue to lower molecular weight between crigks.

Theaveragamolecularweight between crodfks can be estimated [&juation3

L ué 46 Equation3
/&

here/ ,, UR and E are the molecular weight between elioksrs, polymer density, the gas
FRQVWDQW DQG <RXQJﬂXRX@Bﬁmmm@sWRthe
decreaseof the molecular weight between crebsks, namely, the increase of crdssk
density. This is consistent with the results as sho But the variationin
modulusis not proportional to the variation anosslinker densityanddoes not agree with the

relationship i Especially, when the crodigk density decreases 50 tim@som
0.5 mol%to 0.01mol%), the modulus of EA0.G0.0(1) only reduces to half of EAGGRO5(1).
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This is attributed to th@resence okentanglemerstandto the occurrence afhain transfer
reactiors. Chains transfer reactismlirectly increase the concentration of crossirgsulting

in the increase of modulus. For the entangles)avtien the molecular weight between cross
links increases to the threshold (about 8200 g/mobbly(ethyl acrylate)) of entanglement,
the modulus is composed of twontributions

/& I &

The effect of entanglemenbn the modulus significantly increasasthe molecular weight
betweencrosslinks increasesThe two factorsabovealter the structure of the filler network
and change its mechanical properties

Table 32 <RXQJTV PRG X @X¥aRIIEA8.0D.01 families of materials

Sample name l4 SN Typeof E/ MPa | Stress at breal

wt% | Polymers /MPa

EAO0.2-0.05(1) 1 100 SN 0.62 0.86
EA0.2-0.05(1.70)EA | 1.70 | 20.2 DN 0.9 10
EA0.2-0.05(2.61)EA | 2.61 | 5.6 TN 1.24 11.3
EA0.2-0.05(3.49)EA | 3.49 | 2.2 QN 2.16 6.0
EA0.01-:0.01(2) 1 100 SN 0.46 2.4
EA0.01-:0.01(1.96)EA| 1.96 | 13.2 DN 0.58 4.9
EA0.01-:0.01(3.28)EA| 3.28 | 2.8 TN 0.83 7.5

Forthe DNs, TNs and QNs in the two groups of EA0.65 and EA0.2.05 materialsshow
very similar strain hardening slopes after the 4htmkean behaviosuggesting that the
mechanicaproperties and fracture behavior share a similar physical mechdfosrthe two
highly prestretched materialsA0.2-0.05(3.9)EA and EA0.010.01(3.28)EAa stress plateau
caused by the neitig phenomenoiis observedThe neckng phenomenon iattributed tathe
high prestretch of the filler networkand its high level of dilutionThe hgh value of @ and
low value of lp causessignificantbond scissionabout 10%)in the filler networkwithout
propagation of a macroscopic craek desched in referencé This necking process is
examined in more detail in Chapter 5.

Althoughthe first network inthe EA0.01-0.01 family of materials hate same cros$inking

density as the second andfther networksreinforcement in the multiple networks is also
significant, which can be seerffigure 36) & RPSDULQJ DOO WioHheRAOQJITV PRG
0.05 and EA0.0D.01 families of materials [ﬂiable 32| it is obvious that the improvement of

EAO0.2 LQ WKH <RXQJTV rRark&dhanioythe FARR-0.64, which supports

the conclusion thathe interpenetratednultiple networks provide a general strategy for
effective reinforcemat of elastomers
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If the stretchand stress of the three groups of mateaaésrenormalizetly the pre-stretch &,

and by the areb density of the first network, respectivelyone obtais [Figure 37] (b).
Interestingly the renomalization of the stress worlanly when there is a large contrast in
crosslinking between the filler netwoiland thematrix networks,such as the EA0-8.05
family. For the less crosslinked first networlentanglemerst and chain transfer reactions
increase the coupling between netwonkkich cannot be treated as independent even in the
elastic region.Thus, the stressstrain curves othe EA0.01-0.01 family cannt completely
overlap.

Figure 37: Renormalizedénsilefor the threefamiliesof materials with 0.01, 0.2 and 0.5 mol/%
of crosslinker density in the first network. Nominal stress as a function of (a) corrected strain;
(b) stress is corrected by tldution of thearea density of the first network and plottedas

a function ofthe corrected strain

1.4 Behavior of samples under cyclic loading tests

When irreversible damage occurs in the materials upon loading, it tchanabserved by
simple uniaxial tensile tests to failure. Howewbe cyclic loading test shows the damage in
the first cycle with ahysteresisIn addition, if part of the damagés recoverable, another
smaller hysteresis would be seen in subsequesiesygomparedto the first cycle with the
same deformation. Recoverable hysteresgenerally caused by viscoelasticity due to some
physical interactions in unfilled elastomers, including hydrogen bofitfindnydrophobic
interactiors'**3, electrostatic interdions'4, etc Four cyclic loading testsvere carried out on
the EA0.50.05(2.23)EA sample as showr{fiigure3.8] A large hysteresis occurs during the
first cycle, while subsequent cycles show no hysteresiss béhaviorsuggeststhat the
damage occurring in the first cycle is irreversible due to bond breakage. Damage occurs
during the first cycle, dissipating enerdyut the damage does not causdure of the
materials In particulasthere is annsignificant decrease of modulupon reloading
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Figure3.8: Four cyclic loading test with the EAG®BRO05(2.23)EA samples

To detect damage in uniaxial extension, a stggic loading was perfored on aEA0.5
0.05(2.23)EA samplézrom the curves ¢figure 39|(b), significant hysteresis is not apparent

in the beginning of the step cyclic loadirfgr( 8, 5 « O s& W As shown inFigure 39|(c), the
hysteresisincreaseswith maximum deformationThe hysteresis T »¢J;) and the total

hysteresis P KP 4,;J;) in the step cyé loading was calculatewith |Equation 5| and

Equation6| respectively.

aJ; .
Twod; L @4 Equation5:
S
é .
PKP&:J; L i T2 d; Equation6:
(igs

where &:J;and n are the maximum stretch ratio in each cycle and the number of, cycle
respectivelyfFigure 39|(c) and (d)show thathe hysteresigand hence the damage and bond
scission) starts atl1sywand é: L t4§ /2=. According to the pratretch of EA0.5
0.05(2.23)EA, the initial damage die filler network occurs atd. L tduHs& wL udr.

Larger hysteresis is associated with higher energy dissipation, since more anstission

of bondsoccurs in the first network. Furthermore peogressivereduction inthe <R XQJ TV
modulus is observed due to the damage of the first network acting as the percolating filler of
multiple networks. In addition, when two consecutive cycles are carag(after the first
damaging cycle)the unloading andeloading curve overlap, whichdemonstratesninimal
viscoelastic dissipatiobetweercycles.
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Figure 39: Nominal stress as a function of (a) time and (b) strain incstelp elongation tests
with  EA0.50.05(2.23)EA materiajs(c) hysteresis (g =¢J;) and (d) total hysteresis

(P KP%&;H: ¢J)) as as function ofdn step cycle loading test of EAGGO5(2.23)EA

1.5 Fracture energy

A high fracture energy is important to avoid the propagation of an existing driaeKracture
HQHUJ\ = LV WKH @H& ¢tacktD propad&ddnd Jcveate two new fracture
surfacesin order to investigate tharess fiéd around the crack prior to propagatiosing SP

a sufficientvolume around the crack should be able to sustain stresses above the detection
limit in the color change caused by the activation of the mechanoghoother words,
materials exhibiting higlfracture toughness are needed to probe the stress distribution, which
makesthe EA0.50.05 and EA0.2D.05 families of materialan ideal system to use

Based on the value diwhere the crack propagate; the fracture energy can be calculated

according to the approacfirst proposed by Rivlin and Thom&sand modified for asingle
edge notclyeometry, as describéy Greensmitht:
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AL t%H9 :&4, H= Equation7

%L _UT Equation8
¥ay,

Wherea, &,andW( &,; are thelengthof notch, critical straifior crack propagation and strain
energy in the unnotched sample&t & C in[Equation7|is a strain dependent empirical
correction andhatcan be calculatettom|Equat|0n8| To obtain the fracture energy, fracture
tests were carried out with EAGBOS5 and EA0.20.05 families of materials.

As describedn chapterl, a uniaxial tensile test was performed along the length direction of a
rectangulaisamplewith a notchthathad been previously cut with a razor bladibe critical
strain (&, wasdefinedas the maximum value of nominal stress and eeectly obtained
from the stresstrain curves ofotchedsamplesas showrin[Figure 310|(a). Then the strain
energy densities (W(Q) were calculated byintegratingthe stresstrain curves ofdentical

but unnotchedsamples up td gas shown ifFigure 310|(b). The results othe measured

fracture enerigs are listed iffTable 3.3] Compared to the samples without notcfiégure]
(a) shows &learreduction of stretch and stress at break due to the presence of a crack.

Figure 310: (a) Stresstrain curves of EA0.8).05 and EAO0.2D.05 families materials witl
notches; (b) Stresstrain curves of EAQ-0.05(261)EA samples with and without a notc
the gray area represents the energy delg(té).

From thevalues of thdracture energy’n a significant increase inis observed for
both families of materials which is consistent with the observation of mechanical
reinforcementn multiple network elastomers. When compgrthe fracture energy of EA0.5
0.05(2.23) and EAO0-B.05(2.81)EA,the fracture energieare almost the samedespite a
higher prestretchlevel in the EA0.50.05(2.81)EA sample. The same phenomenon was also
observed in reference [1] and [2]. According to their conclusion,&pR.5, the fracture
energy increasamoreslowly and tends to saturate. But this result is still difficult to explain.
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When the crossinker density in the first network was decreased, the effect e$tpe&ch on

the fracture energy is more obviousnd can be observedy comparing theEAO.2-
0.05(1.70)EA and EAO0-R.05(2.61)EA samples. Ihay be becausematerials contaimg a
lower crosdink densityfiller network can reach &igher prestretch which leadgo a higher
amount of damage in the first netwask some damage in the second (maybe third) network
that contributes tthe fracture energy.

Table3.3: Energy density and fracture energy of EAQ0.85 and EAQ.2.05 families

Polymer Crosslinking W( & (MJI/n) Fracture energy £
density (KJ/n?)

EA0.5-0.05(1) 0.5 0.06 03
EA0.50.05(1.56)EA 0.5 0.34+0.07 1.44+0.19
EA0.50.05(2.23)EA 0.5 0.82:0.26 348+048
EA0.50.05(2.81)EA 0.5 0.66+0.13 3.2#0.5

EA0.2-0.05(1) 0.2 0.15+0.02 0.68+0.08
EA0.2-0.05(1.70)EA 0.2 053t02 1.54+0.15
EA0.2-0.05(2.61)EA 0.2 1.44+0.33 5.1+0.64

2. Optical responseto mechanical stress

2.1 Color analysis forthe EA0.5-0.05 standard familyof materials

From theresults ofthe extension tests above, multiple network elastoncergaining
spiropyran as a crosslinkere tough soft elastic materialfFigure 311{a) shows the color
change 0 EA0.5-0.05(2.23)EA sample during a uniaxial elongation test. The observed color
changs progressively from colorless to blue. The blue color then rapidly clkdaogaeurple

when the sample fal The color change from colorless to blue is due to the transformation of
SP into MC. MC possesses a larger intramolecular conjugated area than SP, which results in a
red shift of the absorption spectrum. Accordingh®BeerLambert lav as shown i

|§| the absorbance is proportional to the concentratidheofibsorbing speci€s) andto the

length of the light pathlYin dilute solution:

#L H@i LYH? Equation9

In this equation,4, |, and Hare the incident light intensity, transmitted light intensity and
molar extinction coefficient. In our systemandl| aredependent othe concentration of MC
andon the thickness othe sample, respectively. Therefore, the blue chromaticity increases
with MC concentrationas shown iffFigure 311] (b). As the stress increaseluring the
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elongation tests, SP convetd MC and the color chang&om light to deep blue.

Figure 311 (a) Theopticalresponse cd EA0.5-0.05(2.23)EAsample during a tensile tegb)
Nominal stressdy and chromatic changeRGB ratio as a function of corrected strefohn the
same sample

Another factorthat impactscolor change ighe variation of the thicknessf samples in
extensionln extension tests, the thicknesdiué samples decreases with incliegsextension
Assumirg thatthe materials are incompressible atalnot damage by cavitation in uniaxial
extension, the deformation in the thickness directig) &nd thicknessd) during extension
can be deduced from the stretch ra@x direction) as shown [Equation10|||[Equation11]
|[Equation12| andEquation13|

&8 & L s Equation10
% LALSEY Equationl1l
& L & L Equation12

YA
— Equationl3
@L @H =

(8, &, & are the stretch ratios in the direction of the stretch, width and thickhisthe
deformation of sample starting froma@d t,4s the initial thickness of sample

To verify theimpact of thickness on chromaticity, a control sample was synthesized (the
synthess procedure is in Chapter 5), where SP was incorporated intthitttenetwork to
minimize the mechanical chemical reaction of SP in extension. Béfieraniaxial test, the
sample was exposed to UV light for 5 minsctinvertall the SP in the ntarial into MC.
Then the sample wagested inuniaxial tension, whiléhe camera recorded the color change
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Since SP in the third networknly sustaied a low force during this processthe chromatic
changes an estimate of howhicknessndependently affects color chandée color change

was quantied by color analysis adescribed irthe introductiorof Chapter ZFigure 312(a)

shows the chromatic change wilretch ratioAccording t(tEquation13| the thickness in real

time is proportional to&’® & Thus the influence othe thickness carbe determine for the

case of complete conversion from spiropyran to merocyanine with an absorption spectrum
induced by UV radiation, as shown|Figure 312| However, the results froffiigure 311
cannot be used wimply correct the measured chroticity for a uniaxial test. As the sample

is stretched, the absorptivity spectrum, merocyanine concentration, and thickness are
dynamically changing, affecting the color response recorded by the cdfmssmples have

the same (or very similar) thicknesses, the Itesof the color analysis can be compared
between the samples. This is justified by the weak slope for low strains as st{bigora

3.12

The variationof 'RGB ratb with increasng |is small, especially, at P sd@v The influence

of thethickness omed and green channetsweaker thain theblue channefFigure 312|(b),

shows the corrected and uncorrect&®IGB ratio and in both casélse onset otolor change

due to streseccurs at around L s&and most of SP was activated around t. In addition,

the same mtd was used in the synthesis for all the samplesthey allhave a similar
thickness.In conclusion we will consider th#te effect of thickness on the chromatic change

is weak andn therangeof experimental error.

Figure 312 Chromatic changeas a function of thickness.

In these experiments, the SP was incorporated into the filler nethMouk the color change
reflects the application of the stress to the filler netwdihke isotropicdeformatian of the
chains ofthe filler networkdue to swellingcan be calculated witBquation (3) inChapter 2.
The chromatic changes plottedas a function othetotal strain of the filler networlés asa g ¢ ¢

in[Figure 3.12land of the nominal stress|kigure 312|(b). In both casesthere is asharp

increase in the blue channel aadecrease in the red chanmet & ;353 &3 and foré; >
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1.5 MPa respectivelywhile the green channel remained relatively constainiis,the red and
blue channelill be used tocorrelate stresand strain wh chromatic change for uniaxial
loading.

To validate the quality of our results, three specimens punched from different EAO0.5
0.05(2.23)EA sheets were used to perform elongation tests to observe the reproducibility in

the color changgrigure 313|shows a high reproducibility in the color changelicating that
SP can be used reliably as a molecular probe

Figure 313 The reproducibility of the color change for EA@M®D5(2.23)EA chromatic
change as a function of (a) total strain and (b) stress

To examine the correlation between the chromatic change and stress or strain, th@.@00.5
family was testedn uniaxial exension Color analysiswas performed for each video to
guantify the color change in the extensimst The chromatic changplotted against the

stress and corrected stretch responses for the family of networks is shiéigurie 314]
ComparingFigure 314{(a) and (b), the onset of the chromatic change is detectégl;ats gl ¢
ud or €&~1.5MPa). Blue and red channels of the EAD.B5(1)EA samples remain at the

base line, which mean®mrolor changevas detected before fractu the sngle crosslinked
network This is quite remarkable in that simple elastomers break (by localized crack
propagation) well before any of the chains of the network are really loaded.

Note that EA0.80.05(156)EA and EA0.5.05(2.23)EA contaifiller networks withdifferent
degrees of prstretch, their chromatic curves overlapen plotted as a function @ s3sg06¢
However, EA0.50.05(2.81)EA display a lower chromatic variation at the same stress
3y a 8 ag@lative to EA0.50.05(1.56)EA and EAQ:H.05(2.23)EA after the onset point, which
is explained by the initial activation of SP prior to testiflgis discrepancys attributed to the
highlevel of pre-stretchof the chains in that sar&

During the synthesis, when the EAE005(2.23)EA was swollen to prepare EAQ.5
0.05(2.81)EA,a color change (colorless to blue) was obserdedng the swelling process
and the blue colodid not fadeeasily after synthesis despite the exposure tforgy white
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light. This shows thathe synthesismposes an isotropic level gire-stretchwhich is above
thelevel where the SP starts to be activated into. Mi@reconvert MC into SP, samplegere
stored in dark two weeks to wait for the relaxation ofyper chains in the filler network
andbr exposed to strong white light. Although lots of strategies were carriedoon¢of the
MC remain Since the chromatic changfeat we measurss relative to the initial samples
the sameappliedstress or strairthe chromatic change of EAG(GBO5(2.81)EA is still lower.
Baseal on the results shown a correlation between the variation of coloda
stress (or strain) exist&hich allows for the mapping of stress and/or strain fields.

Figure 314: 'RGB ratio of the EA0.8.05 family as a function of (a) strain or (b) stress

A calibration curve for the EA0-8.05 famly was constructedrom the color analysis as

shown i From the curves, the family of materials damseparaté into three

groups. According to the differersef prestretch, they aréy, L 5§ savO §, Otaiand & P

t & Comparing the images befoand after the tensile tests different
chromatic responses of the three groups were also observed, Eos the color change

solely acurs near the crack. For 1.6 @ < 2.3, the color change is observable across the
region between the two clamps, where higher value® ekhibit a higher chromatic change.

This is attributed to the higher pstretch of the first network, where a hidgvel of
mechanophore activation occurs at a low applied strain despite a decrease in SP concentration.
However, multiple networks wittO |  behave differently from the other networks. Prior to
tensile testing, EA0-H.05(2.81)EA samples appear ligHtd after synthesisThe level of
pre-stretching in the first network is sufficiently high to activate the SP mechanophioe.
estimate the fraction of activet SP after synthesis, EAG(B05(2.81) was exposed to UV for

5 min to activate all the SP in the material. The chromaticithe@material before and after

UV exposure was obtained to calculate the proportion of MC before extension. It is about 64%
SP thattransferred into MC in EA0:5.05(2.81)EA due to swellingNote that he EAO0.5
0.05(2.81)EA after failure exhibits both blue and purple colors. The blue color sutigdsts
somepolymer chainscovalently attached tdAC are in the stretched state and theirple
corresponds to areas of relaxation. This illustrtastheSP mechanophore is quite sensitive
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to the force.

Assuming that the activation of SP in the networks v@th2.8after the synthesis is due to
the swelling procedsefore the polymerizagn, we can estimate the osmotic swelling pressure
Based on the equilibrium swelling equation and osmotic pressure ths®gyestress in the
filler network can be calculated

Following FloryHuggins theory the free energy of mixing of a binamyture of polymers A
and B ¢ (35 ds given by

0o 6» , e .
lapasl 4 GdE H do Ef Hd, E16.0,h Equationl4

>

where 6., 0, 0., 0, are the volume fracti@and thedegrees opolymerizationof A and B,
respectivelyand i is the interaction parameter between A and B.

For a polymer and a solveiie free energy of mixing simplifies since N = 1 for the solvent.
o y ) o i} :
laoel 46d6 HOg E:sF 0g;HBF 6g; ET0g:sF 0g;h Equationl5

The osmotic pressure of a solvent in a gel (or elastomer) is the derivative of the free energy of
mixing of the solvenandthe polymer ¢ (; ¢ srelative to the volume.

- 0i(aps _46
L o(aUeL F

S & kH F 6g; E 0 ET6£%0 Equationl6

For the swelling of monomer into the polymer we can assumd th& and the equation
simplifies to:

T LF= HXF o E o, Equation17

where 6gis the polymer volume fraction at equilibrium swelliagd &is the moar volume

of themonomer At equilibrium swelling this osmotic pressusethe same as the true stress

1, appliedto the polymer chains during swelling. In our swollen aotymerized sampleshe
stress is carried essentially by the chains of the filler network oriented in the tensile direction.

However during the uniaxial deformatioof the fully polymerized sampl¢he nominal stress
actingon the filler network is el to the true stress applied by the swelling process.
example, in the EA.5-0.05family, the swelling fromEA0.5-0.05(1)to EA0.50.05(1.56)EA

gives ad=1.56and 6= &,° = 0.26. UsingEquation 17the osnotic pressure+is 0.96 MPa,
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which is lowerthan the threshold activation ofSP. Thusno activationof SPis predicted.

For the EA0.5-0.05(2.23)EAthe swelling stretch i1sG2.23/1.56 = 1.43and 6g L 514?7:
0.342, then the osmotjressurencreased.74 MPa.The osmotic pressure is a little higher
than the onset of thdamage1.5 MPa)as shown i According to the prediction,
some of the SP ithe filler network is activated. Indeed, during the swelling to prepare TN,
when the swelling reached the equilibrium the swollen DN clsitgeolor tolight blue. But
after the polymerization and dng, the color fade due toremoval of someunreactive
monomers in the polymer netwogrklecreasingthe swelling ratio and osotic pressure.
Therefore, the color disappeared after drying. Fr&A0.50.05(2.23)EAto EAO0.5
0.05(2.81)EA the swelling stretch is> 1.26 and6g=0.5, which corresponds tan osmotic
pressure off.38 MPa. The pressure is much higher than the nominal stress of the activation of
SP, so that th&A0.5-0.05(2.81)EAis blue after synthesis arilis blue coloris difficult to
fade. The accuracyof these simple predictions shaWat for these multiple networks the
equilibrium swelling is controlled by theghly stretched chains of the finsetworkonly and

not by the moderate extension of the majority of the chains in the Gaussian.regime

From the prediction of the osmotic press at equilibriumin the EA0.50.05(2.81)EA the

pre-stress in the first network can balculated bjequationl8

L1, Equation18

x4

where- ; cis the areal chain density of filler netwoik EA0.50.05(2.81)EA -, ¢ L s& xH

s °i(the calculation is shown in the nepairagraph), the predicteaverageforce in the

polymer chains of the filler network is about 26M that isvery close but slightly above
WKUHVKROG RI WKH DFWLYDWLRQ RI 63 S1 GHWHFWH
molecular force spectru). Thesimple calculation of the osmotic pressesplains the blue

color we observed after the preparatidrihe EA0.50.05(2.81)EA

Figure 315: The mechanical responsetb& EA0.5-0.05 family groupof elastomers

To estimate theaverageactivation stress of the SP into MC based on the filler network
structure, the areal chain density inside the simple neteanlbe calculated by assuming

95



- Mechanical properties and optical response of multiple network elastomers

Gaus#&n chain statistgas done by Miquelard;arnieﬂﬂand Milleread. If the crosslinking
is random and has a functionality of four, the areal chain density of the filler netwegk

can be estimated usifigjuation19with Qthe number of crosslinking points per unit volyme
and M,~& ¢ the average distance between crosslinks. From Gaussisticstatve can then

obtaifEquation20|where all parameters are independently knowis the length of a @
bond (1.54 A), . is the tensile modulus of thellér network, C  the polymer
characteristic ratio and sthe number of carbon bonds between crosslink points estimated
previously. When the filler network is swollen with monomer during the multiple steps of
polymerization, the initial surface chain densﬁy@is diluted as described iBquation 21
so thatthe filler network areal chain densify, ccan be estimated for our entire set of samples.

~F K0
3 Lol OeUA“}J‘N Equation19
zU U
,Uql’ZU§O Zy q EZ 0 uo .
rzUEZLm Equation20
3,0l L g F————
rzv R € U Ry €
3. L 3r20®% Equation21

Once the surface chain denshy, is calculated, the prediction of the activation stresg, s

for the whole family of materials can be made. It is sho

Tiok 1:52\ /%;3,, Equation22

In case of the EA0-5.05 family of materials,F==1120 * %es /, y ;=100 g/mole,r :5 2\
/ %;= 240 pN CombiningEquation20|and/Equation21|into one equation, thactivation

stress| ; ydepends only oy, , yand on Ajas shown ifEquation23]

li0,8 RUU j% Equation23

For the SN of EA0.8.05 family of materials the initial modulus is 0.85 MPa,isg,% 55
MPa for the SN and for a multiple network wifly= 2.8, I ; 4should be of therder of 7
MPa. Our experimental result for onset is 1.5 MPa but for 50#eothains activated (those
in the tensile direction) the experimental stress is close to 7 MPa.

2.2 The effect of strain rate

The influence of stretch rate on the color change is examined despite the low viscoelasticity of
the multiple network elastomersThe videos captured during the tensile testsied out at
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various stretch rates were used to do color analysis and the results are

Although the materials show negligible viscoelastidityy chromatic change had some strain

rate dependence. At the same stress or first network extension, the higher strain rates resulted
in a lower chromatic change. This rate dependence idwt#d to a characteristic time
associated with the mechanophore activatighich is also observealy Craig et df. in the
detection of the force to activate.&¥en though it takes certain time to reach thelégium

of SP activation, the chromatic change does not depend significantly on strain rates.

Figure 316:. 'RGB ratio of EA0.50.05 (2.23)EA as a function of (a) corrected strain and (b)
stress with different stretcheglocities

2.3 The effect of various crosdink densitiesin the filler network

The crosdinker density in the filler network directly contsothe mechanical properties of
PXOWLSOH QHWZRUN HODVWRPHUV LQFOXGLQehkWKEH <R XQJ
color change was detected in mater@spared from SNvith different crosslink densities.

The motivation of this experimenwas to examine the reproducibility of the chromatic
calibration curveor different materials. It is critical for mappirtge stress and/or strain by

the calibration curve. IfFigure 317] (a), the two groups of materials show tiypes of
renormalizecchromatic calibratin curves, when the chromatic chamgelottedas a function

of the total strain of the filler network. In the EA@25 group the color change occurs at a
value of Qurrect~5, Which is significantly larger compared to the case of the more crosslinked
EA0.5-0.05.This is attributed to the decrease of the crosslinker density in the filler network
resulting in the increase of the length of polymer chain between crossliikensecessary to

own a larger deformation to carry the threshold of stress to activalen&efore the curves

of chromatic change as a function of stress overlap for different types of sgRigies 17|

(b)). This result confirms that SP is more sensitive to stress than strain. In addition, when the
first network in the multiple network elastomers possesses-stigteh belowhat needed for

SP ativation and the same SP concentration, the chromatic calibration curves can be applied
to all the multiple network elastomers despiiteir different mechanicgbroperties
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Figure 317: Chromatic change of EAG:3.05 and EA0.2.05 family groups as the function
of (a) corrected strain or (Impminalstress

2.4 The effect of varying the SP concentration

In the previous section, the influence of the concentration of MC on the magnitude of
chromatic change was mentioned. Tailoring the initial concentration of SP in the filler
network must modify the chromatic change curves. Twormalize the effect of SP
corcentration, tensile tests of materials with different SP concentrations were carried out.
[Figure 318](a) shows the chromatic change calibration cunfeEA0.50.05, EA0.50.025

and EA0.50.0125 groups of materialghich all have the same total crosslinker density but
different fractions of crosslinker being .SFhe onset of color change occurs roughly at the
same strain, buthe slope of the change in'RGB ratio as a function of stress is clearly
differentshowng a strong dependence on SP concentration. However, after normalization of
the 'RGB ratio bythe SP concentration, a fascinating result is shoyfigure 318|(b). The

three differenturves form a master curve and ovelildp a more universatalibration curve

for the different materialsshowing that the magnitude of the chromatic chaisgdirectly
proportional to the initial concentration of SP, an intuitive but nevertheless useful result
showing that at least in that range of concentrations there are Ameaneffects on the light
absorption
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Figure 318 Chromatic change asfunction of (a)nominal stresand (b)renormalized' RGB
ratio as a function of nominatress in the materials containing various SP concentrgtioas
%. s;and %. gare the initial concentration of SP ithe two groups and EBA.50.05(1),
respectively.

3. Accurate calibration of the Stress: Toward Quantification

Figure 319: 'RGB ratio as a function of nominal stress for four different multiple network
elastomers with two different crofisk densties in the first network

The relationship between the chromatic change and nominal stress needs to be examined in
detail to quantitatively map the stresses as shoffigire 319) While the change in blue and
red channel appear quite similar there are small differences that can be exploited.

The curves where the nominal stress acts as a functioRexd ratio of Blue ratio are plotted

in[Figure 320 Based on the calibration curveghkigure 320(a) or (b), stresses above 1.5

MPa) can be mapped. The difference for the two master curvdleaf ratio and Blue ratio
is the minimum stress. During color analysis, the signal to noise ratio is used to decide the
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threshold detection of the chromaticange. Only when the ratio increases to 70%, the signal

is regarded as a useful information. Thus the red and blue present different minimums due to
the various sensitivities for different colors. The threshold stress in uniaxial tension for the
'Red and' Blue ratio are 1.54 MPa and 1.81 MPa, respectively, so that the decrease in the red
hue is a bit more sensitive tihéhe increase in the blue hue. Another important point of this
approach is that it can only provide a scalar value but not the dire€ttbe stress. The SP

can be activated in response to the force coming from different directions in the polymer
materials. Here, the measured scalar value is representative of the average folgetkee

SP crosslinkers in thearticular volume element ithe material. In uniaxial tension
experiments, the scalar value of the stress is the resultant force in the tensile direction since
the force can only activate SP in this direction. The measurement of the directionality of the
stress will be introduced sixth and seventh chapters.

Figure 320: The master curve of the nominal stress as a function dfflae and (b)'Red
ratio

Each master curves oBlue and'Red ratio on its own only partially describes the chromatic
change. The Red ratio curve possesses a lower threshold stress thaBltheratio, but the

'Blue ratio is more sensitive to the color change (a larger variatiorBine ratio for an
equivalentincrease in stress). Additionally, a color change corresponds to the variation of the
three components of the chromaticity. But in uniaxial extension, the green channel does not
significantly change. To create a more accurate mapping of the stresstigstriboth the red

and blue chromatic changes are needed, as sh{figure 321] At low chromatic changes in

the red and blue channels, the calibration curve apsto the line ob L F§ but deviates at
higher change in chromaticity. This deviation is attributed to measurable contribution to the
chromatic change of the green charatdbigh stresse€omparing the' Red vs. 'Blue curves

for the two differentamilies of materials ifFigure 321]a) and (b) ofFigure 317)(b), one

notes that they possess almost the same master curve of chromatic change due to the same SP
concentration. Howevethe master curve for the EAG®BOS family of materials extends to a
maximum stress of 12 MPa.
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(@) (b)

Figure 321 Chromatiestress plots derived from uniaxial tensile tests for EAO® (a) and
EAO0.2-0.05 (b) family of materials. The color code is the nominal stress measured in uniaxial
extension.

4. Optical response in fracture tests

4.1 Optical responsearound the crackin EA0.5-0.05 family

To be able tomeasure the stress field around the crackyipnechanochemistry, the color
change ofthe samplein a fracture tesshould first be detectabld@he fracture tests were
filmed with an RGBcamera and then used to perform a pixel by pixel color analsis.
shown ifFigure 322]six frames were taken from different locations on the strgisain curve
during the fracture tesif EA0.50.05(2.23)EA material. Ae six representativieameswere

used to investigate the optical response of EANR(2.23)EA material around the crack tip
asshown iffFigure 323B. As the loading is increased strong color change is clearly visible
around the crack tip before propagation. The blue zone close to the crack tip represents the
presence of high #ss. The color intensity and size of this zone gradually increases and
amplifies to the area wheldue color appeamsvenrelativelyfar away(several mmjJrom the

crack tip. At the same time, the chromaticity arodinel crack tip increases rapidly before
crack propagation, especialtythe area closest to the crack tip on both sides.
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Figure 322 Stressstrain curve of EA0.®.05(2.23)EA sample with a notch: a, b, ¢, d, e, f
represent the six positions where the frameseateacted to do color analysis and stress

mapping.

Figure 323. The chromatic change around the crack tip in the fracture test of £A0.5
0.05(2.23)EA materials.

When compared to the EAGBBO5(2.23)EA, the less prestretchEd0.50.05(1.56)EAdid
not show an obvioublue regionaround the crack tigs shown in Figure 342 But a clear
blue region ishowever visibleat the crack tipn the wake of the cracks shown ifFigure

3.24{(f). The resqﬂﬂ is consistent with ref. 3 and ¥/hen the crack propagat@léigure
3.24(f)), small purple areas were also obssl near the crack edges. The purple area in

EA0.50.05(2.23)EAare larger thaeA0.5-0.05(1.56)EAsuggesting that the high stress area
is more delocalized for thEA0.5-0.05(2.23)EAthan for theEA0.5-0.05(1.56)EA Based on
Table3.3 EA0.50.05(2.23)EApossesses higher fracture toughness Ead.5-0.05(1.56)EA
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Figure 324: The frames of EA0H.05(1.56)EA in the fracture test

4.2 Optical response around the crackor EA0.2-0.05(2.61)EA sample

The EAO0.20.05 group of materials were also examined to study the effects of varying the
crosslink density in the first network on the fractupgocess and the stress distribution
shows the chromatic change of the EA0.25(2.61)EA material around the crack
tip. Comparing EA0.20.05 (figure 3.5 (c)) and EA0.50.05 (Figure 323 (f)), there is a
significant difference in the chromaticity arethe crack tip. The frame of EAGIB05(2.23)EA

prior to the propagation shows a deeper blue than EAQZ(2.61)EA even if the
prestretching is lower. It illustratethat the stress inthe filler network of the EAO.2
0.05(2.61)EA material is lower tham the EA0.2-0.05(2.23)EA due to the lower crekasking
density in the first network.

Figure 325: Images oEA0.2-0.05(2.61)EA sample in the fracture test
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5. Quantitative Stress distribution around the crack tip before popagation

Knowing the stress distribution around the crack tip is helpful for the study of the fracture
mechanisms and of the reinforcement of multiple network elastomers. The master curve in
[Figure 321]can in principle be used to map the nominal stress around the cralckitig the
loading processAccording to the calibration curves, the stress distribution around the crack
tip can be detected fany material containing SP but in particular for the family of multiple
network materials described here.

5.1 Stress distribution in standard multiple network elastomers

Representativérame captures of the EAGGRO5 and EA0.2.05 families of materials eve
used to perform color analysis. The spatial distribution of chromatic cheasytherobtained.
Based on thehromatiestress calibration curves [iigure 321] the stress map inally
calculated by interpolation as shownlﬁigure 326|

Figure 326. The methodology to map the stress distribution around the crack tip based on
chromatic change calibration curve

The map of the stress distribution of the EA0.65(2.23)EA based on the master curve of
'Red ratioand 'Blue ratiois shown in thiFigure 327|for different values of applie® The

color represents theniaxial tensile stress obtained from the calilratturve obtained from
uniaxial tensile testBut here we only can map te&esses above the threshold stress (1.54
MPa) sincethe activation of SBy forceneed 240 pN The gray area means that the stress is
below the threshold and cannot be detecteth SP activatior|[Figure 327)shows that the
stress around the crack tip increases gradually with increasing loading of the crack. Initially,
the stress patternvealsa high stress distributiomt¢ated on both sides of the crack tip. The
high stress zone subsequently grows with increasing applied strain. When the extension
reaches 1.7, the region rapidly extends in sizecwers now a large zorie front of the

crack tip. At the onset of crack propagation, the stress around the craekhip the spatial
resolution of the techniquegaches a maximum stress4oMPa, while the fafield regions
sustainstressesabove2.5 MPa.
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Figure 327: The map of stress distribution around the crack tip detectdtkloglibration
curve in EA0.50.05(2.23)EA materials

The force to activate SP is around 240~ while about 4 njN|*|is needed to break a
carboncarbon bond in a polymer chain, which is about 15 times compared torégisdiu
force of the SP activatio.hereforethe activation of SBhould in principleoccur at dower
strain than scission of polymer chainst the stressvheredamage othe filler network is
detected by hysteresis the step cyclic loading testlowever the activation of SP does not
lead to the scission of polymer chairhe region thashows acolor change does not represent
the damage of materials and it simply exhibits high stress and deformation distriitition
the first network The damage region isactuallysmaller than theone that can be detected
color change due to the low threshold of force to activate Sesflimatethe damage area
before propagation around the crack, the stress (f) should becompared
with the stresstrain curve in the step cyclic loadimg|Figure 3.28/(a). In the step cyclic
loadng, damage occurs dt L s& vand its corresponding stress is 2.9 MPlais meansthat
the region showin light green tevard yellow color ifFigure 327|(f) is the damagkarea
For a clear view of damage zone, a map of stress above 3 MPa is||fi@1hrie3.28|(b). It is
visible that the damage zone distributesboth sides close to the crackdigerdimensiors of
several hundred micrometefs250 um), close tothe predictios estimated by Browi and
Tanak&* for DN hydroges.
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Figure3.28. (a) Total hysteresis as a function of nominal stress in the step cyclic loading of
EA0.5-0.05(2.23)EA. The blue dots are the experimental points and the pink cuave is
polynomial fit; (b) the distribution of sess above 3 MPa was mapped by the master curve.

5.2 Stress distribution in various elastomers at the same energy release
rate

Figure 329 Color corrected images af = 1.18 248, and 3.57 kJ/n? for EA0.5
0.05(2.23)EA (ec) and EA0.20.05(2.61)EA (ee).
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Multiple networks made from filler networks withdifferent crosdinking densitieshave
GLIIHUHQW PHFKDQLFDO SURSHUWLHV LQFOXGLQJ <RXQJ
compare the different mechanical behaviors, EADGS(2.23)EA and EA0:P.05(2.61)EA

were used to perform fracture teffiigure 329|shows the different colesorrected frames of
EA0.5-0.05(2.23)EA and EAO0-R.05(2.61)EA samples taken at the same energy release rate

(G), and corresponding therefore to different valuesdatshown irfFigure 33(|(the black

dots). Since cracks propagate when the energy release rate exceeds a critical value, it made
sense to make this oaparison.

Figure 330: Stressstrain curves of the EA(G.6.05(2.23)EA and EAO0:R.05)2.61)EA
samples with or without notch are compared and the black dots are three pairs of points. At
the two points in each pair the both santpdee the same energy release rate.

In |Figure 329| these samples show significant differences in color change. EA0.5
0.05(2.23)EAshowsclearly a large color change ahead of the crack tip btt & ze « ?©

However, littleis anycolor change is observed for the EAQ.D5(2.61)EA sample until L
wi e « 75 A weakcolor change appears at the area in front of the crack tip as shown in

Figure 329/
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Figure 3.31: Stress maps for EA0®.05(2.23)EA (ec) and EA0.20.05(2.61)EA (ef) at
three levels oénergy release ratg 1.18 2.48, and3.57kJ/n?.

The master curves combining thRed and' Blue chromatic changaszere used

to map the stress in the EA0.50.05(2.23)EA and EA0-P.05(2.61)EA samples. From

the stess distribution can be comparéd[Figure 331 (b), (c) and (f). At
relatively low G valus, the filler network already sustains ahigh stress in EAO0:5
0.05(2.23)EA and prior to the crack propagation, around the crack tip, even thes rizgion
away from the crack tip, are under a high stress. The stress gradually decreases with

increagng distance away from the crack tip as showrigure 3.31{(c).

In contrast to the EA0-B.05(2.23)EA sample, only a small area of high stress is observed at
the crack tip of EA0.D.05(2.61)EA. According to the phenomenon above, the first network
with dense crosBnking densitysustains a muchigher stressresulting in more scission of
chemical bonds at the samea@din principle it should thedissipate more energy.

The key difference between these two materials, is the lowerlonkssy density of the filler

network which delays the criticalratn at which the strain hardening is observed and the SP

can be activatedFigure 36/andFigure 316|shows that for the EA0-8.05(2.23)EA the SP is

activated atO= 1.5 in uniaxial tension while it is only activated @t 2 for the softer EA0-2
0.05(2.61)EA. Yet the comparison of figur@B.is done at equivalent G, i.e. at the same value

of stored elastic energy. In those conditions the softer material will reach the same value of G
with a higher extension but a lower strelsence activating less the Sme real question is

however why des the softer EA0-.05(2.61)EA fail at a larger G (5.1 kFnthanthe stiffer
EA0.50.05(2.23)EA? 7TR WU\ WR DQVZHU WKDW OHWY{¥A0QRRN DW

0.05(2.61)EAsample just before crack propagation @6.1kJ/nf) as shown inFigure 332
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Figure 332 The stress invariant map (a) and the color corrected image of the last captured
frame prior to crack propagatio®5.1 kJ/n3) for the EA0.20.05(2.61)EA sample.

The comparison of the two materials for G*+.e. at the point of crack propagation, shows
that in this case high stresses are detectable also in the-BAR6Q.61)EA but over a much
smaller region. This is really a puzzling result since the threshold stress value for damage is
the same (around 3 MPa) for both materials. Hence comijBiguge 3.31] (c) andFigure]
(b) one would have expected a larger damage zone in the tougher but softer EAQ.2
0.05(2.61)EA.

The explanation may lie irhé role played by the matrix networks, which we have so far
ignored. Once the filler network is damaged part of the stress has to be taken over by the
second (and maybe third) network.

This important aspect of the transfer of the stress between polyterke during fracture
will be discussed in the fifth chapter.

6. Mapping the Strain Energy Density

Taking advantage of the calibration curve between chromatic change and nominal stress
obtained in uniaxial tensile tests, the local stress around the dpackas detected as
descrbedabove. Howeverni uniaxial tension the chromaticity can clearly relate to the stress
in the tensile direction, while near a crack tip the stress can be multiaxial. In addition, SP is
responave to force coming from all direains. Therefore, the stress mapgRigure 327]

|Figure 3.31|andFigure 332|are the aggregation of stress from all the direction in the planes
of width and length. To display our results more prdgjsine map of stress valwm@an be
modified into a distribution of the scalar quantity of energy density. The transformation
between stress arstkainenergy density is based on the strgtsain curvesn uniaxial tension.
According to the stressolor map, the stress in each pixel can be detected and the energy
densitycan becalculatedpixel by pixelby integrating the stresstrain curves up to the stress

of the pixels.
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The map ofthe energy densityfor both samples of EA0.6.05(2.23)EA and EAO0:2
0.05(2.61)EA are shown At low same energy release rate, $ii@ss in the soft
materal is too low and therefore the strain energy is also not detectable even if it should be
identical to that of the stiffer sample far from the tip.

Figure 333: The energy density distribution around the crack tip in the EBM5(2.23)EA
and EA0.20.05(2.61)EA samples at the same energy release rate

However, when comparing the maps of stress and energy density in-&86(2.61)EA
prior to the propagatiota point where the stress is high enough to be deteqi%iglﬁ)e 334|
(b) showsa fairly similar pattern as that of the stiffer materi@igure 333|(c).

Figure 334: (a) The distribution of scalar value of nominal stress and (b) energy d
around the crack tip iBEA0.2-0.05(2.61)EA prior to the propagation
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In conclusion it is interesting thdmoth properties (stress and strain energy density) can be
evaluated (with some precautionspsed on the same calibratiatata, opening very
interesting options in terms of adeling the behavior of the materials and comparing
modeling and experiment.

7. Preliminary results of color change during urloading

7.1 Color change in cyclic loading

During the failure of samples in uniaxial extension, color changed from deep blue te purpl
immediately. Furthermore, in fracture tests, when the crack propagated, some purple regions
were observed. According meviousrepormﬂ the purple color suggedisat unloading
occurs in the material§o studythe opticalresponsealuring theunloading process, a cyclic
loading was carried ouf specimen ofEA0.5-0.05(2.23)EAwas subjected to a four cyclic
loadingunloading test with d, 64 L t d&las shown ifFigure 335|(b).|Figure 335|(a) shows

the color change of the EAG(RO5(2.23)EA sample ithe four cyclic loading. After the first
cycle, the color change of the materia¢xillated between blue and purgfer color analysis,

the 'RGB ratios areepeatable anckversible between cycle#\ decay of ' RGB ratios is not
detected at least for foeyclesas shown ifFigure 335|(c), illustrating the relative stability of

the MC crosslinker in cyclic loading.

In[Figure 335|(d), the chromatic change calibration curdaringthe loading procedure of the
first cycle is the same akat in uniaxial extensioras expectedHowever, the chromatic
change calibration curves exhibit a completely different behagioing the unloading
process and the next cycléghe Blue channel remains at a high lewvath a detectable of
systematidluctuation thered channel is also stablintil the stress decreases to 2 MPa, which
is the moment when the sample starts to convehepurple color. The green channstable

in uniaxial extension, howeveshows arobvious variation. Combining the chromatic change
behaviorof all three chanels it should therefore bepossible to map the stress for the
materialshaving different loadingistoiies
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Figure 335 (a) The images of EA0:8.05(2.23)EA material in cycle loading and its
respective RGB ratio curvess a function of stress

7.2 Color changeduring therelaxation process

During theunloading process, the color thie samples changas thestress and straireduce
Additionally, the comparison betwedfA0.5-0.05 and EA0.2D.05 with different mechanical
properties demonstratédatSP is more sensitive to stress.

It is therefore interesting to explotke color changenia properrelaxation testwherethe

strain iskept constantfter the materials change color. As showfFigure 336 EA0.5
0.05(2.23)EA sample exhibits a relatively stable chromatic changelaxation While the

nominal stress decreases from 6.3 MPa to 5 MPa, red and blue channel do not occur great
change, which igonsistentwith theresult ofthe cyclic testthat the alternation of blue and
purple color take only place ow the nominal stress of 2 MPaThe small
increasing/decreasingend forthe 'Blue ratio ('Red ratios) is due to a slight slip tfe

sample from the clampgigure 335|(c) showsthatin the beginning ofthe unloadingprocess
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the 'Blue ratio increaseslightly But the green channel decreases obviously at the beginning
of the relaxation and the trend of reduction slows down with the decreased rate of relaxation.

Figure 336. RGB ratio and nominal stress as a function of time in relaxation

These preliminary results ityclic loading and relaxatiorsuggest that it will be possibte
probe the stress by the color change oa8B during thaunloading processlf the detection
is feasible, itshould thenbe possible to map the stresmt only during the static loading

phase of a crack before propagation but also during the dyraaci propagatioitself. This
will be the topic that we will intrduce in thenextchapter.
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Summary of Main Conclusions

The approach of mechanitaleinforang elastomersvith interpenetrating multiple networks

has been demonstratddr several families of materials based on different SN also called filler
networks . The mechanical properties tife SN itself was criticalto controlthe mechanical

properties of multiple networks and was not affected by the SP concentvéhien.the cross

link density of the filler network was decred$eom 0.5 mol% to 0.2 mol%he improvement

of multiple network elastomers iterms of <RXQJYJV PRGXOXV VWUHVV DW E
toughness is still obviouszor SN with a very low crosslinking densitthe synthesized

multiple networls areclearly much softer but show a distin@igtrain hardening and appear
quitetough.

In the uniaxial extensionat variousstretch ratesmultiple network elastomers showed a very
low level ofviscoelasticity, whichmeans that themeasurement of stressinsensitive to strain
rate

The correlation between the color change of multiple network elastoamergheir nominal
stresswas established by quantifying the chromatic change with eolalysis Moreover,it

was confirmed that SP was more sensitive to stresstohgtrain by varyinghe crosdinker
density in the filler network and then tailoring the mechanical properties of multiple networks.
Based on the calibration curve of chromatic change vs. nominal stress, the stress around the
cracktip during the fracture tests was mappedcdording to the initiabnsetof color change
andto the hysteresis in step cyclic loading, the activation ob&Rirredbefore the damage of

the filler network.By detecting the stresst which damageoccursby the hysteresis of step
cyclic loading, the damage areas around the ctaokd also bebtained andhe dimensioa

of damage areas was confirmed to be consistent with the prediction by?8enwiiTanak.
Furthermore, according to the data of ay@bading and relaxation, thetaation of SP show

a great repeatability and a high sensitivity.
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Introduction

Thepreviouschapter focued on theexplorationof the relationship betweearhromatic change
and stress (strainBy varying the cros$inker densities and SP concentration in the first
network, we demonstrated that whe®P was incorporated as a crosslinker in tfié er
network it could be used asstiess sensan multiple network elastomeendasa calibration
curvebetweenchromaticchangeand stressUsing this calibration curyehe correlatedstress
around the crack tiguring loadingwas mappedh different materialsMoreover,in a cyclic
loading testthe slightly different absorption spectrum of the two MC isomers in the loaded
and unloaded state after activation suggesiedpossibility of mapping the stressn the
relaxationregime In this chaptera strategy to map theorrelatedstress during the crack
propagation will be introduced.

To study thestresddistributionduring crack propagation, eolor map of stress as function of
chromatic changeponloading andunloadingwill be introduced. Tis mapwill be used to
detect the variationin the correlatedoading distributionduring crack propagationThe
relaxed regionand the quanytof active SParound the crack tipill be explored
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1. Construction of a color map ofthe stress

During the fracture testa chromatic change from blue to purpl&s observedn the areas
where the craclpropagatedand the material was unload€fb understand the variation in
stress distribution during cragkopagationwe discuss hovithe mapping ofbothloading and
unloadingcan beexamined

1.1 Color changeduring the unloading process

1.1.1 Mechanism of color changealuri ng the unloading process

In the previous chaptethe color immediately changed from blue to punpleen the samples
failed in the extension testEhis color changean be controlled and observed by performing
cyclic loading tests of EA0-B.05(2.23)EA as shown i Different from the
uniaxial extension, the materials did not immediately change to purple in the unloading
process. Only when the nominal stress decreased to a rgldbve level, the mateal
graduallyturnedpurple, which suggesthat this process is also sensitive to the stress. The
nominal stress is around 2 MPa when the color change can be observed by naked eyes.

Figure 41 Color change in the cyclic loading test of EAQ.95(2.23)EA sample

According to reports by Cr Kuciauskad and Jonathdn the color changeduring
unloadingis due to the isomemation of MC. MC during loading and unloadinghanges
betweerdifferentmainconfigurations of isomefSchemel]shows variougonformers of MC
isomersThese isomers are reversibly interconvertli@sides thergundstate isomefs TTC

and TTT areghetwo predominant groundtate isomers as they have the lowest gresiate
energiesas shown ifBchemel| CTC and CTT are excitestate isomers and can convert into
groundstate in excitegtate isomerization reactionsurthermore, thenost stableésomers

vary with the substituent groups and the points connecting to polymer chains on the SP
molecule.This suggestshat the absorption spectrum of the MC is different during loading
(blue) and its relaxed state (purple) due to the different proportion of the main MC mmers

$FFRUGLQJ WR . XFLDXVNDVTV UHVXOW WKH DEVRUSWLRQ
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630, 568 and 600 nnrespectively When the exted-state isomers convert the ground
state the color changesiredue to theblue shift of theabsorption spectrum.

Schemel: The transformation of SP into MC and its isomers

%DVHG RQ &UDLJTV FRPSXWDW%Q‘[&E@S DeQrEainddriidglitation HQ WD O
observed in the loaded stater our SP mechnophore but it convers into TTT upon

unloading. Since he distance between the two points where the polymer chains tttisch

largestin TTT relative toall otherisomers TTT could bein principle more stable than TTC

after activation of SP by force despite the lowest energy of . TB@ the activation of SP is

under kinetic rather than thermodynameontrol which can leadto counterintuitive
experimental resultsThe relative isomer energies are showjSichemel| deduced from

quantum chemical calculations and NMR line broadening*fata addition due to the
differences in absorptiobands between TTT (568 nm) and@© (630 nm), materials appe

blue and purpleluring the loading andnloading process

In our absorptionspectrum duringcyclic extensionshown in|Figure 4.2 only one peak
appearsn the spectruntaken inthe unloaded state aftd wavelength is identical witthat of

the material exposed by UV light. Moreovavhen the nominal stress increased 10l MPa

two peaks emerge at the wavelengths of 580 aBdché2 According to Iiteratur the main

peak (6% nm) corresponds to thmain isomers of CTC in loading and the other peak
suggests the existence of TTT. TiROicatesthatpart ofthe materials unloadedandmay be

related todamage in the materials. Thisdsalitatively consistent with the previous result
showingthat materialstart to damage when thi@iaxialnominal stress above 3 MPabut it

is not clear whether quantitatively the fraction of broken bonds is large enough to cause that
shift.
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Figure4.2 : The absorption Spectrum BA0.5-0.05(2.23)EA in the extension and under the
exposure of UV light

The stability ofCTC depend on the forceapplied on the molecul&®/hen themacroscopic
stress decreasdsiringunloading, more and mof@T C switchesto TTT. Based on the
transformation of the two isomers atadheir color change, the map of stress w@asstructed
in the following section.

1.1.2 Color map of stress in sandard multiple network elastomers

To map the stress during unloading or relaxation, it i®$sary to construct an appropriate
chromatic calibration curve. As discussed briefly above, a color change between blue and
purple is observed during the unloading process. Combining both prodessesgnsparent

to blue upon loading anflom blue to mrple upon unloadingh step cyclic loadingestwas
performed to construct a stresslor calibration map.

Figure 43 The step cyclic loading d&A0.50.05(2.23)EA(a) Nominal stress as a function
of time; (b) the frames ofMmaterial show color change.
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(a) shows the curve of the nominal stress &snction of time in the step cyclic
loading test. According tthe resuls presented irchapter3, SP starts téransforminto MC
when the nominal stregxceedsl1l.5 MPa, which isachieved athe maximum stress in the
second cycleTherefore, m the beginning of the step cycle extensiorgligible chromatic
change $ observedintil a maximum deformation of 60% reachedas shown ifFigure 43|
(b). Note that the color changecursbeforesignificant hysteresis seerat 80% deformation.
This resultis consistentwith uniaxial tess showng activation of SPbeforethe inflection
point, suggesting damagé&Vith the increasen strain, thechromaticity of blue and purple
increass with eachstepcycle, implyinganincreasing concentration of MC

Figure4.4: Chromatic changas a function of (a) time and (b) nominal stress in step cycle
extension with EA0.%.05(2.23)EA materials

The calibrationcurve of chromatic changituring the stepcyclic loadingis shown ifFigure]
The curve of 'Blue ratioas a function of time gradually increases. Furthermibre,
'Blue ratio presents two pealper cyclebetween the maximum and minimum deformation as
shown irfFigure 44a). The minimums and maximum dfRed and' Green rati for each
cycledecrease step by step. Moreover, they showpipesitevarying tendency. Green ratio
hasits minimum value at the lower limit of deformation or stress as shoffiigire4 4|b),
and almostecovershe same level whethe stress reaches the top in every cycle. Thed
ratio variesin an opposite way upon unloadiagd the minimum value gradualliecreases
Furthermore, the maximum dfRed ratio also decreasaseach step cycle resulting in the
small peak of' Red ratio inrelaxation.The curve otchromatic changen theloading process
is the same athat of the uniaxial tensile tests as showr{Rigure 44] (b). In relasation,
howeverthe curves can overlap with the loadingve ofthe next cycle, which demonstrate
the great repeatability dhe opticalresponse. These curves in loading and unloasimoyv
that the blue channel and red chanregn bothbe used for the dection of stress irthe
loadingprocesdan uniaxial extensionandthat thegreen channel calpe used taneasurehe
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stress duringhe relaation process.Therefore, 1 is feasible to build 8D-map to detect the
stres=f a material under loading anloading.

Figure4.5: The colorstresamap of EA0.50.05(2.23)EAis plotted, wherghe nominal stress
is representedsa functionof Greenandof total chromatic change and the color represent
the magnitude afhenominalstress.

In |Figure 4.4{a), we showalso (in yellow) thecurve of total chromatic change, which is
calculatedrom Equationl:

6KP2INKI=PB2ICAY: (4AE ;)NAAE ;$HOA  Equationl

Total chromatic change combines informatisom the three channels. Thud is most
sensitive to the stree@mpared tdahree channelsdividually. It is used as a reference for the
measurement of streslsiring loadingand the ' Green calibration curve is used to detect the
stressduring relaxation. A 3Dmapcan then belotted, wherdhe green and total chromatic
change arghe x and yvariables respectively.Color coded curves ofaminal stress aa
function of green and total chromatic change are show[figure 45| wherethe stress is
plotted interms ofthe colorgradient Based ora interpolationprocedure the color map of
stress as a function of green and total chromatic change can be constructed asin
The right edge of thmap is the stress curdeiringvirgin loadingwhere SP changes into
MC The left part of the map is the process of relaxation and reloadiagreflects the
reversible change from MCTCto MC-TTT. The black dotarethe experimental points and
the greencurves are the fitted curves for the relaxation. Thus when the two values of green
and total chromatic change are obtained freach pixel of the image of materials, the
position of this pixel in the color maganbe located and the value of theminalstress at this
pixel can bedetermined
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1.1.3 Multiple network elastomers with different mechanical property

Figure 46: The color-stress majpf EA0.20.05(2.61)EA sampleas plotted in loading an
unloading. The black dots are the experimental points detected in step cyclic loading

In the kst chapterwe showed that th&A0.50.05 and EA0.2.05 families hadthe same
calibration curve of chromatic change as action of stressn uniaxial tensile testdn the
color map of stress, the chromatic chardyging loading is plotted at the right edge
Comparing the two color map of stress|Rigure 45| and[Figure 46| the border line is
consistent with each othandthe color map othe EA0.2-0.05(2.61)EAsampleseemsvery
similar to that of EA0.5-0.05(2.23)EAwith a differencein the stressvalues At the top right
cornerof the map iffFigure 46| the stress is lower thdRigure 45| That isdueto the
mechanical properties &A0.2-0.05(2.61)EA The stress at break BA0.2-0.05(2.61)EAis
lower thanthat of EA0.5-0.05(223)EA due to the lower crodiker density in the filler
network During unloadingat the same value of stresshromatic change of EAG.5
0.05(2.23)EA decreasesmore than EAO0.D.05(2.61)EA. It confirms that EAO0.5
0.05(2.23)EA is more sensitive to the stress than EAM2A(2.61)EA. Although the color
map of stress can not be fixed on a mastestamdardcolor map of stresghese colormaps
can still be generatisfor each family of materials.

125



- Mapping the stress in unloading process

1.1.4 Elastomers with various SP concentrations

Figure 47: (a) The map of stresactsas functions of green and total chromatic chang
EA0.50.025(2.35)EA sample. (b) The stressolor map of EA0.50.05(2.23)EA (black
curves) and EA08.025(2.35)EA (red curves) after normalization and the bold curve:
the right edge) represent the loading chromatic pathway.

The chromaticity isalso affectedoy the concentration of MOWVhen the SP concemation
decreaseto 50% of the origial value the chromatic change decreaseagproximatelyhalf

of the original value, which is observed in the previous chapter. The color map of stress in the
step cyclic loading is also plotted|igure 47](a). The plotted scale dhe mapof EA0.5
0.05(2.23)EAis two times larger than EA0®.025(235EA sample.Although the EA0.5
0.025(2.35)EA sample only possesses half of the chromatic €haegmparison to EAB-
0.05(2.23)EA sample, the stresslor map is still able to measure the stress in the materials
for the loading and unloading or the materials possessing stretched history despite a relatively
low resolution.Moreover, after the namalization ofthe SP concentration, thstresscolor

map can be amplified and forms a same magnitude map as-BAG{.23)EAas shown
ifFigure 47](b). Comparing théwo maps for the loading pathway the curves of chromatic
change overlapHowever, the unloading procesexhibit an observabld@ifference. This
attributedto the higher corentration of SP in EA0-8.05(2.23)EA which can introduce nen

linear effects in the absorption spectrum

2. Stress distribution around the crack tip during crack propagation

2.1 Color change during crack propagation

When prenotched samples are stretched andiéfi@mationexceeds a critical strain, the
crack catastrophically propagates. Due to the sudden propagation)dheamera ¢apturing

at a rate of 25 frames per second) only captured two frames duriffgsth@opagation
processAs shown i the frame prior to failure is blurry, however, regions of deep
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blue and purple are clearly visible. &leolor distribution on both sides of the crack tip are
approximately symmetrical. Due to known isomeric forms of MC that exhibit slight
differences in absorbance spectrums, the purple regions suggests a distribution shift between
isomeric MC populations we to unloadirﬂ] To observe the crack propagation clearly, a
notched sample was stretched to the critical stress and subsequently maintained at a constant
displacementTo improve video quality, the frame rate svancreased to 30 fps. Color
analysis was performed on each frame in order to ceesttess map of loaded and unloaded
regions.

Figure 48. The framesof EA0.50.05(2.23)EAmaterials before (left) and after (rigk
crack propagation show the color change in the area far away from the crack tip.

2.2 Stress distribution in crack propagation

After creating a stress color méom uniaxial tension experimentdis information can be
used todetect thecorrelated uniaxiastress in a sample where a crack propagates. However
asdescribedn chapter threghe chromaticityonly relates to the stress in the tensile direction
whereas, the stress is multiaxis@a the crack tip In other words, e activation of SHas
measured by color changedrrespond to the stress dedvfrom any direction. Thusthe
scalar value ofhe correlatedstresscorresponds tohe uniaxial force. It ismore physically
interpretableto representhe correlatedstres distributionas anenergy densityas shown in

the loading procesd he transformationbetween stress and energy density is based on the
stressstrain curves of uniaxial tensioBut different from the loading proceghge unloading
process when material is stretched to different maximum stress or\streia To calculate

the energy densitguringunloading it is necessaryo know the maximum stress in each pixel
in their stretched history anithterpolatethe unloading stressstrain curve.This approach
represents an ongoing effort to produce quantitative mapping around a cradfortip.
presenting the primary resultbe scalar value of stress distribution is shown.

To map the stress or energy densitgund a crack tipcrack propagatiotests werecarried

out on1 mm notchedA0.50.05(2.23)EArectangulaisample with dimensions o6 mm by

20 mm A color camera (30 fps, frame rate) was set to record the color change in the crack
propagation. Becaus# thespeed of therack propagatiarcapturing clear frames during this
process was difficultThus the fracture test wasnodified Based on previousesults o
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fracturetesting the critcal stresdor crack propagation wageterminedThe Instron was set
to reach thecritical stressand hold the clamps at constant displacement, allowinghfor
crackto grow at a slower rate for cleavideo capture to occuBelected frames prior fast

propagatiorareshown inFigure4.9

Figure4.9: Stress as a function of time in the fracture test of EAWS(2.23)EA sample
with anotch IDLV WKH ORFDWLRQ SULRU WR WKH SURSDJDWLRQ
propagation.

Thescalarcorrelated uniaxiastresscan becomputed for eachixel with thestresscolor map
In[Figure 410|(a), the raw image shows two purple zone located at the edge of crack but far
from the crack tip. Using the stresslor map to detect the unloading process,citreelated
stress distributio is shown ifigure 410](b). There are two regioria the shape of wedges
where the material unloaded The unloadedregions start from the area that exlshhe
maximum stress before crack propagatight in front of the crackThe regionof maximum
stressmoves from left to right following the crack tip. The aear the edge dhe crack

start tounloadafter the crackpasseghrough which gradually extendo areasfurther away

from the crack.In unloaded areas, the magnitude of relaxation of stress increase with the
distance away from the crack tip as showfFigure 410](b). Thestress in pink areas almost
relaxes to 0.According thigure 410| most of the material is stilinder load prior to fast
crack propagatioand the unloaded zomerrespondo the purple areas in the raw image.
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Figure 410: (a) The raw image of EA0:5.05(2.23)EA sample during the crac
propagation(b) Spatial mapping of pixels in front of a propagating crack where the ¢
for each pixel is obtained fronthe chromatic change map of the stré@ssEAOQ.5
0.05(2.23)EA sampleThe color between yellow and pink meahsg stress relaxes froi
various values.

Due to the damage that occurs priofast propagation, some areas close to the crack tip have
been unloadd To define and quantify the unloaded area, different frames extracted from
variouslocatiors on the stresstrain curvebeforefastpropagation as shown[figure4.9)(the

six framescorresponding to the six point[figure4.9are before théast propagation) They

are shown ifFigure 411} Some purple areas can be observed on both sides of the crack.

Figure 411: Six frames at different moments prior to the crack propagation as shown in
Figure 4.9
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The six frames prior tdast propagation were mapped according to the stoedsr map as
shown ifFigure 412 Most of the areas in front of crack tip show the virgin stress distribution.
Furthermore, a distinct pink region appeat the edge othe crack which subsequently
extendas thestress inteass.

Figure 412 : Stress maps of the six frames are shown Figure 4.11. The color from green to
blue represent the magnitude of the virgin load and color between pink and yellow is the
unloaded areas mapping with pixel.

Since the stress was mappgd each individual pixelsa statistial analysiswas madeto
categorizethe pixelas loading or unloadinghe schematic of stres®lor map is shown in

Figure4.13|(a). Pixels weresystematicallyseparated into unloading, loading, background and

other objectgsuch asoise dust, edges, efc.In|Figure 4.13(b), the color distribution of a
transparent sample area extracted from the start of the experiment was used to statistically

define the boundary between the loading and unloading regions on thecstogsaap Since

the green chromaticity is primarily sensitive to unloading, the distribution of the green
chromatic change in the sample area was used to determine a threshold value used to
differentiate loading and unloading pixeFor results shown herein, piselabeled as being
unloaded have an associated 99% confidence level.
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Figure4.13: (a) The schematic of streselor map displays thieading (blue) and unloading

(pink) regions The white region and gray areas are other objects (including dust, edges, etc.)
and the noise. The black region is a unpossible region that pixels can be located according to
the principle of the color composition. (A)hexagonal bivariate histogram grito

mechanical load

Thehexagonal bivariate histografor the six frames from {figure 411]are shown ifFigure]
The color intensities represent the pixeluntsin one hexagonal bin, while the three
colors, pink, blue, and black, corresponds to pixels labelled as unloading, loading, and

noise/backgrond, respectivelyFrom framesFigure 411a to f, the unloadingand loading
pixel countsincrease

The increase in unloading pixels implies that crack propagation occurred. This is evident in

Figure 412(b) and (c), where pixels around the crack have been labelled as unloaded.

Interestingly, this corresponds to points (b) and (fffigure4.9| in which both occur before
the sanple reach its failurstress. In other words, the onset of crack growth can be detected

optically before the notched sampmlatastrophically failsThus, this analysis can be used to
guantitatively define a time period in the strefimin curve that is aeciated with the onset of

crack growth.
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Figure 414 The statistic of loaded and unloaded pixels for the six frames in Figure 4.12: the
intensity of the three colors represent the number of the pixel. Blue, pink angbiatkare
the loaded, unloaded and noisy pixels, respectively.

3. Quantify the level ofactivation of SPnear the crack tip

In the cyclic loading test, more and more SP are activated with the increase of the maximum
strain. The assumption here is thatvem quantify the fraction of SP by exposing the sample

to UV light as described in chapter 1. In order to be quantitative we first exposed a transparent
section of the same material to UV light for 5 mins, where all the SP in the materials are
assumed todactivated. Tis chromatic change is define as the color change with 100% MC.
Then the MC concentration in cyclic loading test was quantified according to the chromatic
change relative to the total chromatic change by UV exposure. The result is sfiéigare]
(a). The dots are the experimental points at the maximum strains and they are fitted by
polynomial. According to the fitted curve, SP is activated at ttess of 1.7 MPa and when

the stress is 3 MP@he initial stress that damage occurs in filler netwohieye ared.4% SP
converting into MC.
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Figure 415: (a) The MC concentration is quantified in the step cyclic loading above ar
red curve is fitted with polynomial according to the experimental data. (b)The
concentration is quantified pestortem in a EA0.9.05(2.23) samplelransparent patche
represent twice the estimated standard deviation (based smatistical distribution of ¢
reference image with no mechanophore activation) of the determined total chromatic ct

After crack propagatiom fracture teststhe tophalf of the postmortemsamplewereused to
perform color analysisas shown ifFigure 415| (b). The chromatic change relative to the
transparent sample was determined and associated cwitiplete activation.The total
chromatic change of the pixels located on the red lifiéguare 415|(b) is divided by the total
chromatic changeof 100% MC to quantify the percent of SP activatediring crack
propagation FronfFigure 415|(b), about6% of SP is activatedery close to the crack plane
andabout 1% is activated in the bulk of teemple The percent of MGctivated around the
crack was plotted agatto the distance away from the craickFigure 4155 (b). A decaying
exponentialfunction can be fitted to the dats shown iEigure 41515 (b). Fromthe fit, the
width of the high stresgoneis estimated to b& mm. However, the high stress zone is not
equivalento the damage zorsince the force to activate SP is much lower tthenforce (34
nN) to break the € bords in the polymer chains. Based the resuft of the step cyclic
loadingin Figure 3.9 (d) (in chapter 3)Jamage occurs in the filler network, when timéaxial
stressreaches3 MPa which corresponds to BIC concentratiorof 0.4% according to the fit
in[Figure 415|(a). Thus according to the ffiin[Figure 415|(b), the damage zone #bout €0
um wide around the crack involvingn dissipating energyThis result isclose to the
prediction of double network mocﬁﬁ But the resli has a significant difference from the
damage zone (250 pm) prior to the propagation, which illustrates during the crack
propagation there are more areas involvimdissipatingenergy.
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Conclusion

The strategy using the secondary color change of t8Pmap the stress in the unloading
processis confirmedin this chapterThe secondary color change between blue and purple
deriving from the isomerization reaction of MC is sensitive to the stress. With the color
change in the step cyclic loading, th@ar map of stress; loading and unloadingas been
constructedVarying thecrosslinker density in the filler network the color map of stress for
different materials of multiple networks approximately overlap. Although a different color
map of stressrevealed by tailoring the concentration of SP in the filler network, the
normalization the color map is consistent with the previous Based on thestresscolor

map the correlatedstress distribution around the crack tip has been mapped during crack
propagation.

Referring to the chromatic change of 100% SP activated by the exposure of UWédtaye
guantified the magnitude of active SP in the fracture test. In addition, aggdodthe initial

stress of damage, the damage zone around the crack was estimated and was consistent with
the prediction by Browhand Tanaka

In summary, the fracture mechanism and stress distribution in nidtiple network
elastomersso far, was known thahe filler network undegoes the main stress and damages
to dissipate energyHowever, when the damage takes place in the filler network, especially
after the yielding where large amount of scission ocbut,they do not lead to eventual
failure of the specimen6 R qwkdoes thestress transfer in the multiple during the damépe?
becomes an interesting topMoreover,when a notch exists in the materjasarge zone of
high stress distributeis front of the crack tip. In the high stress zon¢he damage zone is
about 250 pmwide. It is also critical for the fracture mechanism to comprehg@dK Ditde LV
action of the second network in the damage Zpitee fifth chapter explores these topics.
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Chapter 5: The fracture mechanism of multiple network
elastomers
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Abstract

In the previous chapter, we foagson thenonlinear elastic properties of multiple networks
and on thdracture of thefiller network due to its cruciable in controlling the mechanical
properties oimultiple network elastomers. However, the second network and other networks
prevent the failure of mateals when large amount of damagecurs in thdiller network
especially during yielding. Thereis considerable bond scission the first networkin the
necking areas. What is the role of thatrix networks which are unstretcheshd how do the
stress transferinto the second or other networks in this proce$seseare still open
guestions and few pelehave so far address#tkese topics.

In this chapter, weexplore by mechanochemistrthe deformation of the second network
during thefracture process of multiple networks elastom&R. our mechanophoreross
linker, was incorporatedinto the second andhe third networksof QNS respectively.
Performing extension tests with these QINkereSPwas incorporateanly into the second
network, a color changeould be observedh the neckedareawherelarge proportionsof the
first networkwas damagedrhe color changeonfirmedthatsignificantstresswvas transferred
to the second netwonlesulting ina largedeformationduring yieldng. However, die tothe
labile H on the alpha position of acrylate monomehaintransfer reactiomccurredduring
the polymerization of the synthesi$ the DN. This resukd in somelevel of crosslinking
between the first and the second networks. To avoid the effect of ¢hessdinks due to
transfer to the chajrethyl acryate monomers of thiller network were replaced by hexyl
methacrylat§ HMA) monomersThenTNs and QNs were preparé&wm this filler network
Performing elongation tests,ieyding was observedn the TNs andthe QNs and the
interesting thing washat they did not present the color charnigethe necking areduring
yielding until the elastomedisplayeda second strain hardening. This verifies thfae
transmission of stress from tliler network tothe second networwas delayedwhen the
level of inta networkcrosslinkingwas limited Additionally, the second strain hardening is
dueto thelimiting extensibilityof the second network

In a second stagethe contribution of the second network to the resistaocerack
propagatiorwas studied Color change wasot observechear the crack tip with naked eye

in fracture tes of QNs It is probably due to the low concentration of the active SP around
the crack tip. When usinpe fluorescent signaif MC to detect the stressith a fluorescence
microscopea small fluorescent region wabservedn front of the crack tipn ethyl acrylate
based TNs and QNsand in hexyl methacrylate base@Ns with limited intranetwork
crosslinks It suggestd that the second networlwas activein resisting crack pagation
These results offeredsight in thefracture mechanisraf multiple networks at the molecular
level

This chapter will be presesdin anarticleformat
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Introduction

Elastomers are widelysal asindustrial materialsbecause of their higlevel of reversible
deformation andigh fracture toughness. A frequently used strategy to improve the fracture
toughness while maintaining a high elasticity isniworporatenanofillers, including carbon
blacﬂﬂ silic graphen!® and carbomandubest®. However, it is still a challenge to
prepare tough unfilled elastomers. In order to reinforce unfilled elastomers kirateigies
have beerproposed to incorporate sacrificial covalént or noncovalent bond§2® in the

bulk of the materialsfor instance,supermolecular interaction moﬁ@ When these
moieties are loaded, thmnd scission is able to dissipate energy and défeynucleation of
cracks. Ths allows forthe extensibility and fracture toughneéssncrease simultaneously.

Recently,tough elastomers prepared by interpenetrating multiple networks were reported by
our groufF] throughan approach previously applied hydroges by GonffFF7 In the
multiple networks, thdiller network with dense crodmkers acts as acontinuoustfiller.
Covalent bonds in thiéller network are regarded as sacrificial bonds and rupture to dissipate
energy during loading, which substantially improves the deformation and toughness.
However, owing to the lack of molecular model tbe fracture of multiple network,still a
challenge to completely comprehend the fracture mechanism of multiple neavdhe
molecular scale.

Mechanochemistris an effectiveiool to detectthe deformation andracture in elastomerst
convertsmechanical stimuli into other observable signals in polymer materials including
luminescence, fluorescence, color change, echdnophoreare forcesensitive molecules

found in mechanochemistrySpiropyran £P), a classicmechawchromic mechanophorbéas

attracted lots of attention due to its distinbinge in optical propertiésom colorless to blue

or purplg and fluorescent signal after activatibg a mechanical forcéActive SPbecomes
merocyanine (MCland polyacrylates networksirn blueduring loading and purple during
unloading. SP has been used as molecular probe to sense the stress and show the damage
inside the materials by many groups including Mébi® Craig™*° and Wer1 g 4ﬁ

In our previous work, mechanopher@ioxetane or SPhave beenincorporatednto the first
network and the materials show fascingtoptical responsg (luminescence or color change)
upon deformationin uniaxial extension Thesemechanically triggered opticalesponss
demonstrate thate filler network sustains the main stress in the multiple networkssand
substantiallydamagd with increasing stresgrior to the yielding of multiple network
elastomers.In addition, the yielding(or necking) processnitiated by large amount of
breakage of the first network does not lead to the eventual failure of the maieriaise
propagation of a macroscopitack In this process thegansmission of thetressfrom filler
network to matrix networkglaysa critical role for the touglening of thesenterpenetrated
multiple networks Therefore, howand wherthe stresss transfered from the filer network
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to the other networkss an importantopic for theunderstanding othe fracture mechanism

of toughinterpenetrating multiple networledastomers.

Yet, few groups havefocused on the role of the second network in multiple networks
elastomers,especially when large fractions of the first network rupture leading to a
macroscopic necking phenomendtfurthermore, when a notch is made on the sample the
bond breakage ithefiller network dissipates energy and forms a damage Zidreeshape of
thestresdield in the damage zone is still an open question

In this work,SPwasincorporatedn the first, but alsento the second and third networksa
molecular sensato measure their mechanical behaviefore andafter yieldingand detect

the stress transmission between the first and the second/third netWmak®id the influence

of the crosslinker between the first and other networks duelhte chain transfer reactipn
poly(ethyl acrylate) of thdiller network was replaced by poly(he/l methacrylate).In
addition in fracture testthe roles othe second andhe third networks are explordaly using

the fluorescem signal of MC when part of filler networks damaged to dissipate energy
around the crack tip

2. Results

2.1.Mechanical propertiesof multiple network elastomers

Table5.1. Labelled and unlabellei@&milies of multiple networlelastomers

Family SN DN TN QN
1 EA0.5-0(1) EA0.5-0(1.62EA EA0.5-0(2.4EA EA0.5-0(3.1EA
2 EA0.50(1) | EA0.2-0.05(1.70)EA1| EAO0.2-0.05(2.61)EA1l | EA0.2-0.05(3.49)EAl
3 EA0.5-0(1) EA 0.50(1.60)EA2 EA0.5-0(2.34)EA2 EA0.5-0(2.98)EA2
4 EA0.5-0(1) EA0.5-0(1.56)EA EA0.5-0(2.34)EA3 EA0.5-0(2.76)EA3
5 HMAO0.5-0(1) | HMAO0.5-0(1.71)EA2 | HMAO.5-0(2.85)EA2 | HMAO0.5-0(3.84)EA2

Four families ofmultiple interpenetrated netwoetastomer$ave beersynthesizedccording

to the procedure published ducrof® as described in the experimental secti®heir
components are shown[Trable5.1] where samples are identified As-y(z)Bn  Z L Wing:

1 %a¥ the monomer of the firand second/third/fourthetworks xfthe crosdinker density

LQ WKH ILUVW QHWZRUN p\T WKH 631 FRQ KtispW@EDNhe RQ LQ V
filler network, p QHe position of SP in the multiple networksg¢luding the secondandthird

networls. Ethyl acrylate (EA) ath hexyl methacrylate (HMA) are used to prepare the first
network and EA is the only monomer used in second/third/fourth network. SP is used as the
crosslinker of either the second or third network.
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Figureb.1: Stressstraincurves of the first family of multiple network elastomers

Within a family, varying the number of networks results in striking differences in mechanical
properties, aslescribedoy Ducrcm Thesingle network (SN) are brittle, however, as the
number of polymer networks increases sdaldtb< R X Q J TV PRtReGKed9sxaybreand the
toughness (integral under the stress strain cuaseghown ifiTable 5.2] Double networks
(DN), triple networks (TN) andwpdruple networks (QN) all present strain harderilidgjand

QN showa softeing part at high strainbut QN also experience yielding and necking at
higher straings shown ifFigure5.1

Table5.2 : The mechanical properties thie firstfamily of materials without SP

Polymers EA0.50(1) | EA0.5-0(1.62)EA | EA0.50(2.4)EA | EA0.5-0(3.1)EA
<RXQJYV PRBaX(J 0.68 1.03 15 3.5
Stress at breakMPa 0.62 8.93 11.5 7.82
Cat break 2.60 3.05 2.58 3.02

Figure5.2: Stressstrain curves of the first family materials with a notchooeedge

The facture energy* of multiple network elastomers measuredy perfornming fracture

testson the first familyof materials{Figure 5.2|shows the distinct improvemeint fracture
toughness(9 as the number of networks increas€sacture toughness is calculated by
applyingEquation 1
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AL t%H9 :4, H= Equationl
7 .
%L Y Equation2

Where 9 : &, is the strainenergy density at the criticatretch &,pf crack propagatioin an
un-notched samplepy LV WKH OHQJWK R WKHBD @RWBREIGE SiH Q G H (
correction and can be calculated by Equation 2.

The results are shown|irable5.3B. It is obvious that the fracture toughness increase the
<R X Q Jdpwlu®improve at the same time.

Table5.3. Fracture energys of multiple network elastomers

Polymer EA0.50(1) | EA0.50(1.62)EA| EA0.50(2.4)EA | EA0.50(3.1)EA
YJUDFWXUH H 0.40 1.43 3.76 4.11
. @ 76 +002 +0.04 +0.48 +0.64
<RXQJTV ARG 0.69 1.08 1.52 3.38

Theenhancement of the mechanical properties of the multiple netwodeseasbedabove is
attributed to thepresence of @restretched first network. The damaipethe first network
dissipates energy arttelayscrack propagation. Ithe QNs the stress traresfoccurring from
the filler network to the matrix networkseeds to be addressed, especiailyhe necking
region where there is a high fraction of scisabthe first network.

2.2. Mechanical reponse inuniaxial extension

The strain hardeningn unfilled elastomers typicallyccurs in response to thamiting
extensibility of thechains composing theetwork®. Thus the softeningehavior observed at

high strain for high prestretabf the filler networkprobably correspuads to the beginning of

the damage of thiller networkafter the strain hardening has occurrélis was confirmed
directly with mechanoluminescence experiments by MillereautetHdwever the Dioxetane
mechanophore does only report the bond scission and was incodpordyein the filler
network. It would be very useful to have informations on the transfer of stress in between
networks.

To do this threefamilies of materials in which SB used as arosslinker inthefirst, second
or third networkwere synthesized rad tested inuniaxial tension For reproducibility,nearly
the samesingle network was used to preparall threefamilies of materials anthe same
crosslinking densitywas usedn the second, third and fourth netwarlds a resulffor the
second/third familythe incorporation of SRlid not generate significant differenceés
mechanical propertiesompared to thenlabeledfamily. According to the literatufé?’ the
force to activateSP is lower thanthat to break carbeocarbon bondsn the main polymer
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chains.That means the activation of Sfecurs beforghe scission of the polymer chains.
Therefore, a color changgthe sign of digh stress in polymer chains.

According to the results of Milleredd, when the prestretch increasgo a high level (,13),
at a high stress the materialsdergoesa necking phenomenon after yielding due to a high
proportion of damage in the filler network as shown in

The yielding takes place at the stretch rati@nd then some regions fothe
sample become thiin the direction of width and thicknessnd elongate in the tensile
direction: this is called necking phenomenoand is often observed in the (irreversible)
plasticity of polyolefins like polyethyleneAccompaning the necking phenomenpithe
nominalstressof the materialbecomes roughly constaag shown ip

At this stage the material does no longer deform homogeneously but separates into
two regions.At that stagethe sameensileforce (and hence nominal stresgpplieson the

Centre ofthe sampleon the neckedand unneckedareas. But comparing to the -necked

areas, necking areas have a higher deformatimwhthat deformation is constant during the
necking processless thickness and areal chains density of the filler netwoek to the
damage. It suggests the polymer chains im#iekedarea should undergmlargertrue stress

(force divided by the actual cressctional area)f the largertrue stresswas only sustained

by the filler networkit would lead to more damagedthe sample wuld fail. But the sample

did not, which means part of the stress was transferred into other network

Figure 53: (a) Images of EAO0B(2.76)EA3 sample are extracted from the uniaxial
extension during the yielding and necking. (b) The stséssn curve of EA0.®(2.76)EA3
sample in uniaxial tensile test.
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When the SP is located in the filler network, SP can sense the variation of stressglu
necking. Additionally, according to the Iiterat MC, the active SRshould in principle

show a secondary color chan@i®ue to purple)if it is in its relaxed statelue to the filler
network damageFrom[Figure5.4|(a) at the necking area a slight purple color is observed at
3y asagdR and 10.6 and this signal is also detected from the result of color aaalgsiswn
in[Figure5.4](b). For the umnecking area chromatic change is constant due to the plateau of
stress during necking. In the necking ared ratio(blue ratio) increases (decreases) during
necking and it is consistent with the unloading process. But it can not eliminate the variation
is attributed to the effect of thickness which dramatically change at the necking area.
According to the result of a@pter 3, the decrease of thickness of sample results in the
decrease of the blue ratio and the increase of red and rgteenHowever, the green ratio at

the necking area decreases. Thus it confirms the color change at the necking area is due to
damageof the filler network resulting in the relaxation of part of the filler network. But there

is still a high fraction of blue composition at the necking area, which means the filler network
does not completely relaXhe optical response of SR the neckig areaillustrates the filler
network does not completely damage and still sustain lots of stress.

Figure54: (a) Image of EA0.20.05(3.49)EA samplat different & 5 5 3 43 gxtracted from

the video ofuniaxial tensiletest. (b) Chromatic change and stress as a function of the
corrected strain is plottedrhe dots line and solids line respectively represent the color
analysis focusing on the urecking and necking areas after necking

The resultof Figure 5.4 for theeA0.2-0.05(3.49)EAmaterialshows that the filler network
still sustairs somestress in th@eckedareas, but part of the stresslso carried by thether
networks. Toquantify the tranfer of stress in the multiple network materials, EAQ0.5
1(2.98)EA2 andEAO0.51(2.76)EA3 materialscontaing SP in the second and third network
respectively were testeid uniaxial extensior[Figure 5.5|shows that a color change takes
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place only in the necked area after yieldilog the EAO0.50(2.98)EA2 materials. On the
contrary, in the EA0.®(2.76)EA3 materials no color change is obsersedng the whole
extension despite the occurrence of a necked area, as shdigure 55 (b). The
phenomenon above illustrates that, once the fiétwork starts to fails the partially stretched
second network becomes fully stretched and sustains at least an average force per strand of
the order of 240 pN. Yet the load supported by the third network is still low (no color) and the
broken bits of thdiller network are still loaded in the necked area.

Figure5.5: SP crossinker incorporatd into the second or third network. The images of
EA0.50(2.99EAZ2 (b) EA0.5-0(2.76)EA3samples in uniaxial tensile tests.

3. Discussion

While a color change shows @hahigh stresss carried bythe chains of the relevant network
containing SRIuring neckingthe interesting things to discuss in more detail how the stress
is transfered to the second network and whatthe role played bythe seconchetworkto
improve the resistande crack propagation.

3.1Influence ofthe SP position in multiple networks

Comparing the stresgtrain curves of EA05(2.98)EA2 and EA0H(2.76)EA3 ir[Figure]
(a), theyhave qualitatively the same mechanical behavior but the yield stress is a little
different. It is attributed to theslightly lower prestretch of the first network ifEAQ.5
0(2.76)EA3compared tEA0.5-0(2.98)EA2 samplesBut after the respective correction of
stress and strain by the areal chain density andtpeich of the filler network, stressrain
curves ofEA0.50(2.98)EA2 and EA0-B(2.76)EA3almost overlap with each other as shown
in[Figure 56](b). The yield stress of EA0-Q.05(3.49)EAL is lower due to tHewer areal
density of chainsof the filler network compared to the other two samples. The lower
crosslinker density leads to a longer polymer chains between crosslinkers and a lower areal
chain density of the filler network in EAGR05(3.49)EAL. Finally, the lower areal chain
densty results in the lower yielding stress.
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Figure 56 (a) Stressstrain curves oEA0.50(2.98)EA2, EA0.80(2.76)EA3 and EA05
0.05(3.49)EAL; (bAfter the correction of areal chain density and-giretch of filler network,
correctedressas a function of the correctstrain in the filler network for the three samples

To quantify the color change in the necking area for rttegerials containingsP in the
different networks, color analysisas used, as shown From chapter 3,he
magnitude of the chromatic changeproportional tathe concentratiomf SP activated into
MC. Note that the coloanalysis is able to detect color changes which areisile to the
naked eydFigure5.7]shows theoptical response ofhreesamples 0EA0.2-0.05(3.49)EAL,
EA0.5-0(2.98)EA2and EA0.5-0(2.76)EA3.In [Figure 5.7 SP1, SP2 and SP3 represent the
materials of EA0.2-0.05(3.49)EA1, EA0.8(2.98)EA2andEA0.5-0(2.76)EA3where SP was
incorporatedonly in the first, secondor third network respectively.The three categories of
materialsshow acompletely different optical respondeA0.2-0.05(3.49)EA1 changes color
first as SHs located in the filler network and the filler network sustains the main stress in the
multiple network before yieldingiFor EA0.5-0(2.98)EA2the color rapidly changes at the
onset of necking. Then in this necked area a plateau appears, where the MC concentration
does not seem to change. For the saniphd.50(2.76)EA3 which contains SP as a
crosslinker in the third network, there is no detectable color change associated with necking.
Comparing theéhreechromatic change curves, shows that the stsasminly sustmed bythe

first network in the beginning ofthe extension and thestarts to transfer to the second
networkjust before yielding.This results indicate that a sufficiently high stress exists in the
second network to activate SPoM of the stress is Btsustained by the first netwodkt the
urrneckedregions however in the necked argaart of the streshasbeen transferred to the
second networki-urthermore, although significant damage to the first network occurs in the
necked area, the third netwas not stretched to the point of activating the SP crosslinker.
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Figure5.7 : Chromatic changéblue ratio)as a function of straifor quadruple networks with
a different labellingEA0.2-0.05(3.49)EA1EA0.5-0(2.98)EA2andEA0.5-0(2.76)EA3

3.2.The effect of the connectiity between the first and the second network

Figure5.8: The molecular structure of acrylate an methacrylate monomers

In double network hydrogels, Gong demonstratiedt the mechanical propertiéswvere
significanty affected by the existence otcrosslinks between the two networks. In multiple
network elastomers, chain transfer reacfidoccur easily during the polymerization of the
second networkbecause of the labile hydrogen in the algb@sition of the acrylate

monomers, as shown|Figure5.8| It gives rise to the crosslinking between the first and the
second networks.

To avoidthis type ofside reaction, acrylate monomers of the first netvaank bereplaced by
methacrylate monomefgigure 5.9|andFigure5.10|showthe color change and strestsain

curves oftwo HMAO0.5-0(3.84EA2 samples during elongation tests whidth contain SP in

the second polgthyl acrylate) networkexamining the mechanical properties aodnparing

with the QNs in other families of materials, HMA@%3.84)EA2has a muchORZHU <RXQJTV
modulus and yield stress despite a higherstretch. According tothe Iiteratuvﬁﬂ the lower

initial modulus and yield stress due tothe lower crosslinker density and areal densit
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chain.lQ RUGHU WR REWDLQ VLPLODU PHFKDaQd &éalaleSsilyR SHU W I
of the single networks madeom varying monomers, the key is to control the equivalent
molecular weight between the crosslinkebaie to the higher moleculaweight of HMA

monomer comparable to EMt the same mal concentration of croslnkers the single
QHWZRUN FRPSULVHG RI +0$ SRVVHVVHV D ORZHU <RXQJTV
than EA monomerln one of the sampdeof HMAO.5-0(3.84)EA2 displagd a

second strain hardeningt high strain, a very different behavior from that BA0.5

0(2.98)EA samplesThe interesting thing is thahe first samplewith a secondstrain

hardening phenomenahowsa slight color change afténe propagation of the necked area

but the second on@vhere the second strain hardening is not obsemee$ noasshown in

Figure5.10] Comparingooth samples before and after the tensile testhewn inFigure5.11,

indeed, only the first sample exhibits an obvious color change.

Figure5.9: The images of two samples of H\0%&-0(3.84EAZ2 in elongation tests

Figure5.10: Chromatic change curveand stresstrain curvef two HMAOQ.5-0(3.84)EA2
samples one sample presents a second strain hardening (dashed line) and another
before the second strain hardening.

To clarify the difference between the two sample$ibfA0.5-0(3.84)EAZ color analysis is
performed. Comparing the chromatic change curves and the-straiss curves, the first
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sample starts to change cokldrthe onset ofhe second strain hardeningggestingthatthe
second strain hardening is in response to the maximum extensibility of the second network.
Recalling the results of th&A0.5-0(2.99EA2, the stress is transmitted from the first to the
second networlat theyielding. When the yielding @urs, the second netwoBA network is
stretchedleading to the activation of SP. However, HMAO0.5-0(3.84)EAZ2 the transfer
reactionsbetween the first and the second netwaikeseliminatedmaking the chains of the
second network less closely coupleditie first and hence more stretchable. As a rehalt
activation of SFonly occurs when the sample is fully necked and the nominal stress iscrease
again At this stagethe deformationapproachegshe maximum extensibility of the second
network,anda secod strain hardening generatd and more SP are activated.

Figure 5.11. Images of two samples diMAOQ.5-0(3.84)EA2 with different degrees o
yielding before and after elongation tests

2.3.Stress transfer to the matrixnetwork during the crack propagation
process

When the SP is incorporated in the filler network, observations of the crack tip clearly
a zone of high stress over distamoéthe order of mm. This was discussed in chapter 4.
when we incorporate SP in the matrix networks (second or third), the change in co
only occur when the first network is severely damaged and sufficient stress is transfe
the matrix as dcussed in the fitgart of this chapter. It is interesting to check whether
change in color can be detected at the tip of the @iade this can be a way to detect sev
damage (equivalent to yielding)lote that mechanophores detecting chaissgan cannol
distinguish between chain scission before yielding or after yielding.

To explorethe role played by the second network in the improvement of the fra
toughness of multiple networks, fracture tests were carried out on Gr5-B@®.98EA2
sample. A color change wa not observed in front of the crack tip prior to or a
propagation as shown According to the Lak&homas heory, when a crac
propagates at least all the covalent bonds across the plane of the crack should be bro
suggests that some color change should appear on both sides of the crack. Therefore
of color change is probably due to the lowialiconcentration and small fraction of acti
SP. However it suggests that the extent of full scale yielding taking place at the tip
crack must be small for these samples.
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Figure5.12: Images of an EB.5-0(2.98EA2 sample in a fracture test

3.3Higher magnification detection of the stressn the matrix network

Schemeb.1: SP is activated by external stimuli.

Fortunately, when SP converts into MC, the conjugated region in SP molecule significantly
increases as shown[8theme5.1] SP consists of the two fiarof indole and salicylaldehyde.
This two parts are in two vertical pkesiand do not hava conjugation relationship, buftar

the activation théwo parts are twisted to the same glandthe conjugatedangeextends to

the whole moleculdecause of the formation of the double bond of CBNe to thelarge

range of conjugation, the absorption spectruns®fhas a red shift resulting afluorescent
emission by absorbing visible light (568 or 630 nif)is ability maks it possible to dete a

low level of MCin a small areat ahigher magnification due to the high sensitivitytbé
fluorescent spectrum.
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Figure 513 The stresstrain curves ofEA0.50(2.98)EA2 with notched samples and- un
notched sample: inthéeLIJXUH pDY MHEY D Q @giofdf [dwhstsauh HexitidaD Mvaiklv K H
and propagation in Figufel4, respectively.

Figure5.14: Fluorescent images aofiultiple networks with high prestretsihow the
fluorescent distribution around the crack tip at lokaist, critical strairfor propagatiorand
duringpropagation. (alEA0.50(2.34)EA2, (b) EA0.5-0(2.98EA2 andc) EA0.50(2.76)EA3
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Usingthe fluorescent signal of MC, the high stress and elongation in the second network can
still be detected by fluorescence microsco@pmparing the fluorescent imagestracted
from differentstretch levelsén afracture test as shown|Figure5.13lanqFigure5.14] EA0.5-

0(2.34EA2 (a)) and EA.5-0(2.99EA2 (Figure5.14f (b)) bothsamplesshow

the fluorescent signal in front of the crack tip before propagatimwever afluorescent
signal is not observed prior to propagation for theDE0(2.76)FA3 sample

(c)) and MC is detected only whehe crack prpagates. Thesmterestingresultssuggest
that thefailure of thesecond networkriggerscrack propagatianat least for this class of
materialswhere some covalent bonds exstween the first and the second networks. It also
showsthat the third netwdk only carried load just before failing, i.e. during propagation
which is consistent with the uniaxial tensile results. Additionalyseen from the distribution
of the fluorescent signal, a larger region of the second netizddadedin the QN

5.144 (b)) thanin the TN (Figure5.144 (a)).

Figure5.15: The 3D fluorescent images ?iMA0.5-0(3.84)EA2in fracture test

Replacing the filler network of poly(ethyl acrylate) with poly(hexyl methacrylate, the-cross
linking between the first network and the second network is avoided. This appecackes

the transmission of stress from the filler network to the second network by the covalent cross
linkers between them. During the fracture test H¥1A0.5-0(3.84)EA2 the confocal
microscope was used to detect the fluorescent signal in front of the crack tip. An obvious
fluorescent signalvas observedin a small areavery closeto the crack tip beforerack
propagation as shown [iRigure 5.155(a). When the crack propagated the area around the
fracture emerged briglyt fluorescen This illustratesthat, prior to the crack propagatipn
stress has transferred ttie secondhetworkonly in a smallareavery close to the crack tip,
where therds alarge amount of damage of the filler networRhe exstence of a large
fluorescent rgion upon propagation suggests that the filler network breaks catastrophically in
a large region in front of the crack and effectively instantly loads the second network over a
significant area. This may contribute to the still relatively high valubesétress andtrain at

break of this material.
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More generally, these resulté fluorescencesuggest thah small yieléédregion appearsear

the crack tip before propagation. While threakup of thdirst network dissipateenergy the
extension of theseond networkuntil MC is activatedmust also dissipate enef§yThe
activation of the second network is actually equivalent to detecting the yielding of the first
network.

Conclusion

Five groupsof multiple network elastomers have been synt#tegtkand SPwas incorporated

as a crosslinkeinto thefirst, second and third networks, respectivdpased on the temporal
and spatiaposition ofthe color changen the five families materialsone can propose the
following scenario.The stress in general is sustained by the first network in exterigien.
stress in the first network transfepartially to the second networ&round theyield point
where the second network becomes extendiedvever, when the connectidretweenthe

first and the second networks is removed, stress in the first network transfierlesgo the
second networland the second network is more extensibieaddition, the fluorescence of
MC displaysthe contribution of the second network on the fracture toughness of multiple
network elastomersThese resultsuggest the vitalrole played bythe second network to
resist crack propagation and the existence of yield area in fracture tests. To the best of our
knowledgethe result is found at the first time in multiple network.

Experimental section

Materials: the monomer, ethyl acrylate (EA), hexyl methacrylate (HMAJ the crostinker

1, 4butanediol diacrylate (BDA) purchased from Sigma and were purified by a column of
alumina to remove the inhibitogpiropyran modified with terminated group of acrylate was
synthesized as previdysdescrib 2-hydroxy-e-mechylpropiophenone (HMP) was used
as UV initiator withoutpurification Other reagents purchased from Sigma were used as
received.

Preparation of the SNs:The rubbery stiff single n&ork was synthesized by freadical
polymerization.The preparation of multiple network elastomers is similar to the previous
reports by our gro A pregel solution mixing monomer (EA or HMA), cretiskers
(BDA, 0.5% respective to monomer) and UV initiator (HMIFas poured in a glass mold.
The glassmold is composed of two pieces of glass and a 1mm sdispacer. The whole
setupwas fixed by two metal scaffaddvith screwsDue to the variation of density during the
polymerization, it was easy to form somendomsurfacepattern on the surface aingle
networkdue to debonding of the sample from the mold surf@oeensure smooth surfaces of
single network, two thin hydrophobic PET films wenglacedon theinternal surface othe
glassmold. Because ofhe interaction of PET film and single netkpPET film always had a
good contact with single network in polymerized proceEbe polymerization was initiated
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by UV light (Vilbert Lourmat VI-215.L lamp, 365 nm, 10 pW/chand conducted 2 hours.

All the operation was carried out &aglove box. Afte polymerization, the single network was
takenout of the glove box and was dried in vacuum for one day to remove the unreactive
monomers. Then the sample was stored at room temperatipéack box for later use.

Preparation of DNs, TNs and QNs:DNs, TNs and QNs elastomers were prepared by
multiple steps of radical polymerization using identical first networks. First, a piece of single
network (my) was swollen in a solution composed of EA monomer, einksr (SP or BDA,

0.01 mol%) and HMP initiatof0.01 mol%) After equilibrium swelling (2 hours), the swollen
sample was taken out from the solution dhe excess liquid wawiped from the surface.
Then the swollen sample was placed in PET sheets and fixebeimold for phote
polymerization via a te hours UV irradiationThe sample was dried in vacuum for a day and
then weighed (&u).

To increase the prstretch in the first network, the same procedure of swelling,
polymerization and drying were performed again starting from DNs to synthesize TNs.
Finally, QNs were prepared by repeating this procedure for the third time starting from TNs.

All the multiple network elastomers are noted as ABspBB, where A refers to the first network
monomer and B to the second network monomer. In addition, the numBestands for the
QXPEHU RI SRO\PHU QHWZRUNY DQG pVSY LV WisholBIRVLW LR
be noted that except for the stiff first network other polymer networks were loosely cross
linked and almost unstretched in the multiple nekwvelastomers. Furthermore, due to the

chains transfer reaction, loose connection between polymer networks were formed during the
secondand subsequent polymerization.

Calculation of pre-stretch:

To calculate the prstretch in the first network, theeight of multiple network elastomers
before and after polymerization was used. The weight fraction of the first network was
determined with Eq.3) and then the prstretch can be calculated by the weight fraction of
the first network as shown in Edt)(

Gig L= Ea. @)

N Eq. @)

Uniaxial extensiontests:

Mechanical tests were carried out am Instron machinemodel 5565with a pair of
homemade pneumatmdamps and a 100 N load cell. Samples vatdumbbell shape were
punched from the pieces of multiple network elastonusiag a normalized cutter (central
part: length 200 mm, width: 4 mm)To preciséy detectthe strain,two black markswere
made on the central part of the samples awmdmaera was set to record tpesition of the
marks in thewhole tensile process he strain was calculated by the displacement of the
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marks using Matlab softwarbniaxial tensile tests we performed at a constant velocity of 1
mm s! and the initial strain rate in the central part of the dumbbell sample was about.0.05 s

Fracture tests:

Fracture tests were performed on the same Instron macBemaples were cut into a
rectangulashape (length: 20 mm, width: 5 mm) by a normal cutteraandtch with a length
of around 1 mm was made on one side of the sarhplddition,the initial stretch rate was
around 0.05 4 andthe same cameras describedabovewas setto record the mecharal
response around the crack tip during the measurement.

Confocal microscope tests:

Confocal microscope (Nikon AZ100) with a 561 nm laser and a deben-taitsibe stage
was used to detect the fluorescent signal around the crack tip in the fracturéhestame
samples in the fracture teswere used here and the tensile velocity wastsdt mm/min
which was limited by the setup of deb&uring thefracture test3D imagesaround the crack
tip were scanned with an interval of 0.5 mm until the failoffsamplesTheses 3D images
were used to define the deformationtioé second network with the fluorescence of MC (the
activated state of SP).
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Introduction

One of the maimgoalsof this thesis is to measure t&ress and straidistribution inside
multiple network elastomersear crack tipsin chapter 3 we demonstrated thtae SP
mechanophorean be used as a gosttess sensais the transition to merocyanioecurs
when the stress attains a critical value. However, in ordedeti@rmine the stresdrain
relationship which depend on the deformation rate and on the history of loadégeeds to
measure separatetlye strain field and is interesting to use direct th@ds of strain mapping.
Inspired bythe particle tracking experimeatmethod of Hui and Lorigwhich is in principle
well adapted for large displacements and deformatiaresformulated multiple network
elastomergontaining dispersed fluorescent beads dete@d the relative position of these
fluorescent particles by confocal laser scanning microsdopyg fracture testsThen, in a
collaboration with Professor Rong Long and Qi Yuan from Colorado University, we
reconstructed the strain field by analyzitige relative displacement of fluoresceriteads
while the crack opens (before propagation)

In this chapter, wdirst present the synthesis of multiple network elastomers containing
various concentrations of fluorescentbeads Next, these materialsvere used toperform
tensile and fracture testshé& distribution of fluorescerteadsn the sampless characterized

by taking confocal microscope@mages at different crack opening displacemeifitisese
imageswere treated bQi who calculaed the beadisplacemerstas a function of macorcopic
displacementand reconstructed thetrain distribution near the crack tiprhe preliminary
resuls areshownatthe end of the chapter.
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1. Synthesis of multiple network elastomers containing fluorescent
beads

1.1 The choice of fluorescenbeads

The choice of fluorescemteadss of primary importancdor the precise measurementtbé
strain field. If the particlearetoo small §ubmicron sizg), then the measuremeistlimited
by the optical resolution ofthe microscope However, todarge beads limitthe resolution of
the strain field detectiorin addition, he stability of the fluorescentbeadssuspension in the
monomer mixture willdetermine tB homogenigy of its dispersion in multiple network
elastomers.Finally, when working with fluorescent mechanophoréise excitation and
emission of fluorescenbeadsshould ideally be chosen toavoid the overlap with the
excitationbandof SP (490 nm)and the emissiobandof MC (around 620 nm)This will in
principle make it possibl® determine simultaneously tk&esdield by the intensity of MC
fluorescenceand the strain field with the displacement of the fluorescence beads in an
analogous way to what biologists do with multiple fluorescent markers into one material

Silica particleswith a size of 3 um and greenfluorescence emissionere purchased from
Micromod company (447-303). These silica particles possessniform size and spherical
shape.The excitation and emissidmandsof fluorescent silica particles amentered ad80
and 510 nm, respectively. Moreover, the surface of the silica particle®dified with a
tetramethyl silangroupwhich makes their suspensistable in organic solvesit Thishelps

to dispersethe silica particle homogeneously in the -ged solution before polymerization.
Thus, the parameters of these silica particlesfyatiur requirements of the size, fluorescent
band position and intensity, stability in organic solvents.

1.2 Synthesis of elastomers

The prepaation methodof multiple networks containing fluorescdmadswvassimilar to that
without beads described iG@hapter 2.We adopted e samemold and applied similar
synthesiscondition but only BDA crosdinker was used inhe synthesisin order tomake a
homogenous prgel solution ultrasound waappliedto promote the dispersion of fluorescent
beadsafter mixing with the monomersolution. After 1 min of ultrasonic treatment, the
solution was poured intihe mold and submitted tphotopolymerizationduring 2 hoursThe
simple network sampgewere dried under vacuum for one day and rexollen to prepare
double and triple networksD(Ns and TNs) Because the quéty of fluorescent beads the
samplesdoes not change during the swelling step, the concentrafiahe beadswas
graduallyreducel from SNs to TNs. To prepare DNs and TNs with suitable concentration of
fluorescentbeads we varied the mass dilica particles in the monomer mixture which was
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used for synthesis of single networl$iese single networks containing concentrated silica
particlessuspensions wengsed to prepare DNs and TMdl the sampls arelistedin Table 1
The name of the samples has #wem Ax-y(z)B, where A and B are the monorser
composinghe first and thesecond/thirchetwork; x, y and z are the crelasking density,the
weight percentof silica particls in the sampleand the prestretch of the first network,
respectively.

Table 1:Composition of multiplenetwork elastomearcontaining variousconcentrationof
fluorescenbeads

Sample name First network Fractionof Q Concentratiorof
SN/wt% silica
particleéwt%
EA0.50.26(1) EA0.5-0.26(1) 100 1.0 0.26
EA0.50.261.60)EA EA0.5-0.26(1) 24.3 1.60 0.26
EA0.50.262.23)EA EA0.5-0.26(1) 8.99 2.23 0.26
EA0.50.11(1) EA0.50.11(1) 100 1.0 0.11
EA0.50.11(1.61)EA EA0.50.11(1) 24.1 1.61 0.11
EA0.50.11(2.39)EA EA0.50.11(1) 7.35 2.39 0.11
EA0.5-0.07(1) EA0.5-0.07(1) 100 1.0 0.07
EA0.50.071.61)EA | EA0.50.07(1) 23.9 1.61 .0.07
EAO0.5-0.03(1) EAO0.5-0.03(1) 100 1.0 0.03
EA0.50.031.60)EA EA0.5-0.03(1) 24.5 1.60 0.03
EA0.50.02(1) EA0.50.02(1) 100 1.0 0.02
EA0.50 (1) EA0.50(1) 100 1.0 0
EA0.5-0(1.62)EA EA0.5-0(1) 23.5 1.62 0
EA0.50(2.4)EA EA0.50(1) 7.23 2.4 0

Figure 5.1 shows a typical green fluorescence image of silica particee®M underthe
confocal microscope (Nikon AZ10®ith excitation at 480 nm and emission band from 500
to 540 nm The differentsize and intensitgf the fluorescent spots Figure 5.1aredue to the
different location of thefluorescent beadsvith respect to theocal plane.It shows a
homogeneous distribution of fluorescent beads in multiple networks.
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Figure 5.1: Image of silica particles with green fluorescencea sample ofEA0.5
1(0.02)

2. Characterization of elastomers

2.1 The effect of fluorescenbeadson mechanical properties

In the first chapterwe mentiored that in nanccomposite the presence of naffilers
reinforcesthe rubber Here, we disperse fluorescesitica beadsin the multiple network
Even though the concentration of silica particlestber low it could affect the mechanical
propertiesof multiple network elastomers. Taheck if thiseffectis presenttensile tests were
carried ouffor all elastomergontainingsilica beadsThe stressstrain curves were compared
with the blank samples withobead.

Thesecurvespresented irFigure 5.2illustratethat the incorporation of silicheadsdoes not
DITHFW WKH <RXQJTVpl® ReBO® XMstdriergdi@aivig. with the blank
sampes without fluorescent particles (synthesis in chapterHswever, we observeda
remarkable variation ofransparencyduring the tensile tests of DNs and TN®ntaining
fluorescent beadsxceptfor EA0.5-0.031.6)EA, which contained the lowesbncentration of
silica particles Transparent sampgd®ecameéiomogeneouslppaqueat high level of stresas
shown in Figure 5.2 (d)According to the conclusion of Binhti and Cretod for
nanocompositeshe opaqueappearance may kegtributed to the formation dight scattering
cavities inside the materiat high deformationin addition,we observed thdor the materials
with different concentrations of silidaeads the opacity appead at different strainlevels
The factthat thepossiblecavitation does not affect the mechanical propeisigsobably due
to the low concentration of particleddence,the multiple network elastomersontainng low
concentration osilicabead can be used to map the siréeld to research the mechanism of
reinforcementMoreover, due to the cavitation only occurring at high stress and strain, when a
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notch was made on the sample the crack propagated at a relatively low stress. Thus the
cavitaton was not observed in the fracture test, which was performed on a Deben micro
tensile stageTherefore, it also did not affect the subsequent the observation of fluorescent
beads on confocal microscope.

Figure5.2: Stressstrain curves of (a) SNs, (b) DNs and (c) TNs with and witHtuorescent
silicabead; (d) The images of EA0:8.262.23)EA showng the change in transparency in
tensile test.

2.2 Confocal microscopeobservations

The distribution of fluorescerfteadsn multiple networkss detectedy confocal microscope
(Nikon AZ100) with an excitation laser wavelengthof 488 nm andthe fluorescence
acquisition rangdetween B0 nmand550 nm.In order to construch 3D strain field around
the crack tip, a 3D fluorescent image was made foryevame by the superpositioof 2D

images in the thickness direction. Due tthe reflection offluorescence in confocal
microscopé the images of sphericBiliorescenbeadsarestretched irthe thickness direction
and have a shape ofagbyball. Hence, even if the diameter of fluoresdeeadss 3 pm, the
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length of the OXRUHVFHQW EHDG LQ WKH p]%beut 20k TwlsR® ZLOO |
the scanning time and obtain clean fluorescent images of btba&dsjterval between two
planes in th&D images was set 42 um. In addition,d ensure most of the fluorescémads

in elastomers can be tracked frdhe first frame to the last one¢he displacement between
two frames of 3D images wagtbased orthe subsequent calculationThe result displayed

the optimalinterval ofdisplacemenbetween twdrames wa$.25 mm.With this interval of
displacementjt ensures thatnost of fluorescent beads in two contiguous images can be
trackedand decreases the sdmfrequency to save the time of measurement or experiment.
The images of SNs, DNs and TNs are shown in FigureTh& SNs with high concentration

of fluorescentbeadsprovide images containing dense fluorescent dots. Wnese SNs are
used to prepare DNSs, theoncentrationof fluorescentbeadssignificantly reducse due to
dilution. We found optimal concentration of the fluorescent beads, which from one side
assures highesolution of measurement of strain fietd,the sara time allows tcavoid the
superposition oattachment of two fluorescebtadduring fracture tests. This concentration
was about @3, 007 and0.11 wt%for SN, DN and TN, respectively

Figure5.3: Fluorescent images ofultiple network elastomers withftBrent concentration:
of fluorescenbeads

These multiple network elastomers witptimal concentratioof fluorescenbeadswvere used
to perform fracture test®A Deben micretensile stage was used carry out fracture tests
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undera confocal microscoperlhe device provides a 200 N load cell and a maximum span of
10 mm between twemall clamps. The tensilstrain velocity was set at 1 mm/s and the
interval between two framesf the 3D imagewas around 0.25 mm.Figure 5.4shows the
projection of the3D images of EA0.®.071.61)EA in fracture testsn the horizontal plane
The image confirms d@omogeneous dispersion of silica particles around the crackhe
usable volumef the samplein the observedegionreduces during the experimete to the
in-plane deformationand propagation of the fracture towards the tensile dirgctidrich
leads to a reduction in thicknesBherefore, the number of fluorescdygadsin this area
reduces graduallyVe suppose that the beadn change their positianly by following the
deformation othe polymerandno significantslip may occutbetween particles and polymer,
since the size of particleispersedn the first network ianuchlarger than the meshize of
thecrosslinked polymemetwork

Figure5.4: Fluorescent images of EAG(GBO7A1.61)EA inafracture test

2.3 Calculation

To calculate the displacement tte fluorescentbeads we cooperated with Yuan QI in
/IRQJTV atUmkrado UniversityThey used Imaris software to extract the position of
eachfluorescentbeadand then constructeal sphericakhell for every fluoresceritead They
marked the cemt of shell as theanitial position ofthe fluorescentbeadsand matbed the
position ofall the fluorescenbeaddor a sequence of 3Dames to calculate the displacement
of the silicabead. Table Zillustrates the quality ofthe matchingprocedure for five
consequent framem the first frame wedentified 7500 particledut only4531 particlesvere
matcled in the second framewhich corresponds t63.6% 2588 particlexould be tracked
from the first frame tdhe fifth frame. Becauseof the high concentrabn of silica bead, the
image ofsomeof themcanmerge ito otherones which decreases the efficienofymatching.
The efficiency of matching can be evaluated by the pair ratiowaicontiguous frames of 3D
images and the linked pair number of beadh® pair ratiovascalculatedwvith Eq. 1.
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