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Abstract: Triple-shape memory epoxy (EP)/polycaprolactone (PCL) systems (PCL
content: 23 wt%) with different structure (PCL nanowelkembeddedn EP matrix and
EP/PCLwith co-continuous phase structyirerere producedTo set the two temporary
shapesthe glass transition temperatufg) of the EP andthe melting temperatureT) of
PCL servedduring the shape memory cycléAn a@tempt was madéo reinforcethe PCL
nanowebby graphee nanoplateletgrior to infiltraing the nanoweb with ERhrough
vacuum asisted resin transfer moldintylorphologywas analyzed by scanning electron
microscopy and Raman spectrometry. Trgh@pe memory characteristics were
determinedby dynamicmechanical analys in tension modeGraphenevas supposed to
act also aspacermetweenthe nanofiters, improving thequality of impregnation with EP
The EP phase relatethappe memory propertiesere similar for all systemswhile those
belonging to PCL phastepeneédon the structure. Shape fixity of P@asbetterwithout
than with graphene reinforcemeiitie bestshape memory performaneeasshown by the
EP/PCL with co-continuous structue. Based on Rman spectrometryresuls, the
characteristic dimensioof the related c@ontinuous network waselow 90 nm.
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1. Introduction

Shape memory polymersS§P9 change their shapes reversibly from temporary to permanent
under combined action of mechanical load and external stimwhish is in most caseseat For
thermosetsthe transformation temperature is thesglaransition temperaturdyj. The temporary
shape is set by deformation aboVg followed by cooling under load. During this proceduttee
segments betweendftcrosslinks adapt to the extal load via conformational rearrangements. The
strain energy, tered by this way, is released when the material is unloaded and heated afdgve its
whereby the permanent shape is restored. The related SMPs are termexy ahealshape memory
systems because the reversible shape change occurs only from temporagrmanept.
Oneway SMP systems may, however, remember two or more temporary shapes before returning to
the permanent one. tase of EFbased systems tripghape memory functions has been triggdned
two approaches so far, vig) bilayer system of twdPs with differentTy that are however, well
bonded to each ot h3;rand(i)iBP icontainirg larélectpspursemicrystalleng |
thermoplastic nanowef?]. The material of the latteravs  p-caprglactthe) (PCL) the mily
temperaturgTm) of which was higher than thE, of the embedding EP matrix. Notieat in this case
Tm of PCL served aareversible swich for setting oneshape wheeeas theTy of the EP matrixserved
to setthe dher temporary shape in the memorizing cyéléarge body of workéas alreadyddressed
different SMPs and the related knowledge is well summarized in revie8#].[ However, the
abovecited works wee dealing with Efbased tripleshape memory systentSonsidering the second
approachit is obvious that infiltration of the elecspunnanoweb is a challenging taskespectiveof
whether this occurs under vacuum and/or pressure. To facilitate thafifiitprocess with the Ekhe
structural stiffnes of the nanoweb should be enhanced. This may happenobyaration of grapene
in the PCL solution to be eleospun.

In the last two decadgslectrospinninghasgained a high interest as continuous naresittan be
processed by this simple methf&i 10]. The product of elémospinning is generally a fé@y webin
which the constituent fiers have adiameterrange of 500 500 nm. Generally, electrospinning is
practicedfrom polymer solutions, although polymer melts can also be spun. Compared to tivalclass
fiber manufacturing techniques at electrospinnifiigers are drawn by electrostatic forces instead of
mechanical ones. The format®of the fibers and the structure takdace in the same time and place
and therefore the technology is effective. dilespinning technique makes possible to create
composite filers where the electrospunanofiters play the role of the matrix. The smaller
nanoparticles canebeither embedded into nanadib or they can be deposed or grafted onto their
surfaceln the fomer casegnanoparticles are admixed to the electrospinswigtion. There are studies
proving thatcarbon nanotubesl]i 15, carbon black 16], nanasilica [17i 19] and even metal
nanoparticles40] can be embedded.
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Considering the fact that graphene shesme larger than theaineter of usual electrospun diks,
they may be present ithem in rolled, folded forms. his should be associated with a substantial
reinforcing effect that is essential for our target. Alternatively, the grapheet¢ssinay be lcated
between thenanofibers. Nonethelessthey still fulfill the maingoal i.e., acting asspacerwhereby
enablinggood infiltration bythe EP. On the other hand, an EP containing PCL nanowelsbiae
similarities to a system with seminterpenetratinqietwork structure (semiPN) because both phases
are continuous and PCL is thermoplas@ither criteria of semiPN are, however, not metherefore
this term is not usedn any casgEP with PCL nanoweb exhibits a-continuous structurper se
Therefore it is of paramount interest to check whether a thermoplastic nanoweb modified or a
co-continuouslystructured EP hasore favorable shape memory characteristics. Recall that the only
difference between the provided that theconstituentsare the sameijs the structureof the
thermoplastigphase. It is obvious that & cacontinuous morphology, achieved by phase separation
during curingof the EP modified with PCLthe thermoplasticPCL should have a more fine and
uniform structure than that given byeanoweblt is noteworthy that evenemiIPN structured
systems, though not Hbased, have alreadheentested for shape memory germance 21].

EP-based systemsvith co-continuous morphology have not been tested for shape memory
properties PCL is and e a | i bl e n dwitm BPoto satacw@ntinuoas phase structurlis
application was pushed forward by the néedEP toughening. Thermoplastics of amorphous and
senicrystalline nature are often used to modify EPs. THesplets or more sophistidad structures
covering co-continuouly like thoseformed by phase separation upon curing of the difectively
trigger individual toughening mechanisms (cavitation and debonding, crack pinning, shear banding
etc) [22). Despitethe T, of PCL beingquite low (see laterand thus not favored for EP modificatjon
it has been also tried asoughening agent in EP23,24].

Accordingly, this work was aimed at studying theeypof PCL WAstructuringo
(SM) behavior of an amine curedPEPCL was present either as nanoweb (electrospun wigrithout
additional grapheneor asin situ formed constituent of a econtinuous phase structut@formation
on the structuresvasreceived from scanning electron microscopy (SEMY Raman spectrometry
studies. Their SM properties were determined in tension using DMA.

2. Results andDiscussion
2.1.Electrospun PCINanoweb

SEM images of the morplagy of the electrospunanofikers with and without grapime can be
seen in Figurel and2. Both PCL nanowelwith and without graphene containsdib with diametes
between 100 and000 nm.In case of the neat nanoéis, only a small number ofbeads can be
observedIn the graphene containinganofiter web, there are no beagdgroving that in this casethe
viscosity of electrospinning solution was highiesinthat without graphene. Thistabilized the liquid
jet dong the axis of drawingDispersion of graphene was effective because agglomerates cannot be
foundwith SEM. Graphene nanoplatelete locatedetween nanofibrs (Figure 2), bupossibly also
in folded form in thePCL nanofilers themselves
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Figure 1. SEM pictures of polycaprolactongdPCL) nanaveb from different locations in
magnificationof (a) 5000 and(b) 10,000x.

Figure 2. SEM pictures of PCL nanoweb/graphne from different locations in
magnification of(a) 5000% and(b) 10,000x Note:arrowsshowgraphene nanoplatetet

2.2. Morphology of EP/PCL

The structure of the originalleetrospunPCL nanowebchangedafter imgegnation. Without
graphenean PCL, the EP impregnated th&CL fibers less perfectlywhicht r i gger ed t heir
via meltingof the PCLduring curing of the EPThus PCL fibers formedbundles in EP/PCL nanoweb
system(Figure 3) The fiber bundles hae a diameterrangeof 1i5 ¢ By. contrast,hardly any
Abundl i ngo canheresolvacimtberEP/PCL nanoweb with grapheriEigure 4) This
confirms that graphene platelets situated betweeardibced as spacer anstrengthead the nanoweb
duringimpregnationThis supportd theEPflow through the welguaranteeing a more effective veeit
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Figure 3. SEM micrographsof (a,c) cryocut, and (b,d) cryofractured cross section®f
epoxy EP)/PCL nanoweb
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Figure 4. SEM micrographsof (a,c) cryocut and (b,d) cryofractured cross section®f
EP/PCL nanoweb/graphene.
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SEM pictures of EP/PChlwith co-continuous structuréFigure 5) do not allow us to resolve the
constituents. In order to estimate the characteristic dimensioneophthses in thiso-continuous
structure the Raman mapping technique was adapted. Figure 6 shows the reference Raman spectra o
EP and PCL. Considering the reference spectra, the PCL covesit mapped o ( Fi gur e
map of co-continuous phase struce seems to be homogenepuseaning thatthe characteristic
dimension of the related structure is smatlegn the focus diameter of the laser beam, which was
900 nm. The size of the interpenetratfiiand® depends on the compatibility of the constitiseand
is usually in the range of hundreds of nanontefer thermoset IPNs [25]. In the case of nanoweb
structure the same characteristic diameter okfibundles can be found in the Raman map of EP/PCL
nanoweb (Figure 7b) as that deduced from SEM rgreqghs(Figure 3).

Figure 5. SEM micrograpls of (a,c) cryocut, and (b,d) cryofractured cross section®f
EP/PCLwith co-continuous morphology
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Figure 6. Raman spectra of EP and PCL.
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Figure 7. Raman maps of (a) EP/PCL with co-continuous morphology and
(b) EP/PCL nanoweb
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2.3. Thermal andMechanical Properties

Phase transitiong§ of EP andT,, of PCL) of the samples were determined by both DSC and DMA.
DSC and DMA curves are plotted in Figesand9, respectiely. Numerical results of DSC and DMA
are listed in Table 1Based ortheseresults the deformaton temperaturefor SM testswere chosen.
Accordingly, thefirst and second temporary shapeereto besetat 60C and 30C, respectively.
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Figure 8. (a) Differential scanning calorimetryDSC) curves ofEP, PCL, EP/PClwith
different structuresand ) PCL nanowebsvith and without grapheneading.
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Table 1.Transition temperatures determined by DSC and DMA.

Samples T.5°M) T,218) T.°°°) T.-\E)
EP 12 16 i |
PCL T T 65 54
EP/PCL cecontinuous 16 21 57 52
EP/PCL nanoweb 19 12 62 45
EP/PCL nanoweb/grapher 20 11 62 46
PCL nanoweb T T 56 T
PCL nanoweb/graphene T i 56 T

Figure 9delivers the most persuading arguments for the presenceaointiouity forthe EP/PCL
systems. It is weltesolvedthat the storage modulus of EP/PCL does not drop atl{lu the ER
which would be expeetlfor the dispersed PCL phase. Instead, the modulus runs in betwessoth
the PCL and EP betweehe Ty of EP andT,, of PCL (Figure 9a) No clear plateau appears in this
temperature rangeeflecting thethermoplastic chacter of the PCLNeverthelessthe load bearing
capacity is given by the continuous PCL phlgavhatever means achieved (nanowelsitu curing).
The fact that the tanvalues of the EP/PCL systems are between the parent componentsl glodve
PCL also supports the caontinuity (Figure 9b).A further peculiar feature is that incorporation of
nanoweb (with and without graphene) shiftedThef EP toward slightly lower temperatures, whereas
an adverse tendency was recognizable for the phase separatesitu cured EP/PCL(Figure 9b)
This may be due to a combination of chemical (reactive end groups of PCL) and mechanical constraint
effects which were, however, not investigated.

Deformability of the samples athe selectedleformation temperatures wengeasuredn tensile
modein the DMA device Stressstrain curvesare depicted irrigure 10.EP/PCLwith co-continuous
morphologyhas the highest strain at break in case athb@mperatures. This is due tioe better
homogeneity and lower void content tfe sample. Impregnation is always a criticagstin
preparation of composites when a preformed structure should be w&ematl that EP/PClwith
co-continuous morphologyas producedn situ via phase separation upon curtirfgpr the first
temporary bape (1) of the SMtest 2% strain was selectecbecausebelow this strain all the
stressstrain curvesmeasured at 68 , werelinear (Figure 10b)For thesecond temporary shapé)
astrain was chosen that wago times higher thabiy.

Figure 10. Stressstrain curves oEP/PCL samples with different structuraya) 30 C ;
and at(b) 60 C.
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