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Abstract
In this study, a novel thermally actuated tripleys® memory polymer (triple-SMP) based on
poly(L-lactide) (PLA)/polygé-caprolactone) (PCL)/graphene nanoplatelets (GNps)
nanocomposite was prepared by facile solution myiximethod and the design of which was
based on two well-separated melting temperatunestder to improve the dispersion of GNps in
the matrix, functionalization reactions were catr@t on the GNPs surface. Functionalization
was confirmed by various techniques including FTIRaman and TGA analysis. TEM
micrographs revealed an exfoliated morphology fo functionalized GNps (FGNps) and a
homogenous dispersion in the matrix. The crysigfliehaviour of nanocomposites was
investigated by DSC and variable temperature XRD-RRD) analysis and an increase in
crystallinity was observed. Dynamic mechanical gsial (DMA) showed that the presence of
FGNps improves the fixity and recovery ratios baeaaof increase in crystallinity and thermal
conductivity. The best shape memory behavior wasindéd for PLAS0/PCL50/FGNp 1.5
nanocomposite.
Keywords: Nano composites; Polymer-matrix composites (PMC$&mart materials;

Thermomechanical properties.

1. Introduction



Shape memory polymers (SMPs) are smart materiaishwéble to recover to the original
(permanent) shape from temporary shapes upon esgdsu an external stimulus [1-3].
Typically, SMPs are composed of two different stuoes: one is fixed domain that is considered
as hard segment, the other is reversible domatrigh@rmed as soft segment [4].

SMPs, based on number of temporary shapes, ardedivnto dual and multiple-SMPs. The
multiple-SMPs with two temporary shapes are knowntrgple-SMPs [5, 6]. There are two
strategies for developing the multiple-SMPs malerithe first is to utilize polymers with a
broad thermal transition temperature. In this systglass or melting temperatures can be
selected as thermal transition [7-9]. Nochel et[&0] prepared the covalently cross-linked
poly(ethylene-co-vinyl acetate) and the result ade@ the existence of the triple shape memory
effect due to broad melting transition temperatufBise other kind of strategy is based on
immiscible blend including the several domains witell separated thermal transition
temperatures [11, 12]. Zhao et al. [11] reportedt tbhemically cross-linked polyethylene
(PE)/polypropylene (PP) blends demonstrated tgNR. In this system, two
crystallization/melting transitions of PE and PR avell separated. The other blend systems
including two glass transitions or one crystalli@afmelting transition and one glass transition
are also developed to acquire the triple-SMP [, The second strategy for achieving the
multi-SMP is more interesting, because in this aysby controlling the microstructure, most
polymer blends with well separated thermal traosgican show multiple-SMP.

Although SMPs show the ability to change their ghdpey also have some disadvantages such
as low elastic modulus, strength and strain [159. dvercome this inherent deficiency,
introducing nano fillers such as clay montmorillenicarbon nanotubes, and so on into polymer

matrix to reach SMP nanocomposites is a new sirdfey 17]. Recently graphene nanoplatelets



(GNps) are used in polymer nanocomposites due stoexicellent mechanical, thermal and
electrical properties and also because of its lemsdy and high surface area [18-22]. However,
according to tendency of GNps to agglomeration wedk interaction with polymeric matrix,
several methods have been developed to obtairffibiert dispersion of GNps in matrix, which
including surface modification and covalent funnibzation [23, 24].
To the best of our knowledge, there is no repodualzhemically cross-linked triple-SMPs
reinforced by GNps. So, here, we reported the patijoa, thermo-mechanical properties and
triple-shape memory effect of nanocomposite samipdésed on PLA/PCL. In addition, attempts
were made to study the functionalized GNps (FGNps) the triple-SMPs performance.
Regarding to the well-separated melting transitemperatures of phases{FLa and T pcy), a
new triple-SMP was induced by thermal programmisimg dynamic mechanical analyzer.

2. Experimental section

2.1.Materials
Poly(L-lactide) (grade 3251D, average molecular weigh®@f120kgmof) was supplied by
NatureWorks. LLC, USA. Polgfcaprolactone) was obtained by Sigma-Aldrich (grade, M=
80000gmotf). Graphene nanoplatelets (GNps) were purchased ¥6 Science, Inc. (Lansing
MI, USA) with trade name XGNp-C750 (the averagekhess of 1-5nm, length of less than
2um and surface area 758m). Nitric acid (68%), sulfuric acid (98%), thionyihloride
(SOCL), tetrahydrofuran (THF), and N, N-dimethylformamidDMF) were obtained from
Sigma-Aldrich and used for modification of GNps.clinyl peroxide (DCP) was supplied by
Hercules Korea Chemicals Co., Ltd. and triallylaganaurate (TAIC) was purchased from GO
YEN chemical industrial Co., Ltd., Taiwan.

2.2.Graphene nanoplatelets functionalization



To provide oxidized GNp (OGNp), the GNp was added a 20ml flask containing sulfuric acid
(6ml) and nitric acid (2ml) (FBOy/ HNO;; v:v= 1:3) by method as described in our previous
work [25]. To prepare functionalized GNp (FGNp)e thcylation reaction was done by mixing of
20:1(v:v) thionyl chloride and DMF under ultrasontondition for 2 hours at 70°C in N
atmosphere. The obtained product was centrifuged080rpm. To remove residual thionyl
chloride, the FGNp was washed with dried THF andddunder vacuum at 40°C for 24 hours.

2.3.Nanocomposites preparation
PCL and PLA pellets and nano powder were dried ra@uum oven overnight before using.
Specified amounts of the FGNp (075 and 1.5 wt%)evastded to the dried DMF and stirred at
room temperature. To obtain uniform suspensionptheure was under ultrasonic treatment. At
the same time, the PLA and PCL were dissolved endhed DMF separately. Then the PLA
solution was added to the suspension of FGNp amddstfor 4 hours. In the next step, PCL was
added to the suspension. In order to get bettpeds®on, the DCP and TAIC were dissolved in
dried DMF and then added to the mixture of PLA.eAftomplete mixing, the solvent was
evaporated at high temperature and was kept incauwa oven for 4 days to eliminate the
solvent entirely. The obtained films were comprassiolded at 180°C to accomplish the cross-
linking reaction.

2.4.Characterizations
Fourier transform infrared spectroscopy (FTIR) (BuEQUINOX 55) was done in the 400-
4000cm' range. Raman spectroscopy (LaRam Aramis) was ipeefb at room temperature
using a 532nm laser. Thermogravimetric analysis Af @as accomplished by using a TA
instruments Q500. The morphology of GNps was olegkrusing a scanning transmission

electron microscopy (STEM) (FEI, Nova NanoSEM 480)accelerating voltage of 15 kV.



Differential scanning calorimetrf{DSC) (DSC 2010 from TA instruments) analysis was
performed under nitrogen atmosphere. In the fiesting cycle, the samples were heated to
250°C at a rate of 5°Cminand annealed at this temperature for 5 minutesetiwove prior
thermal history. Afterward, the samples were coated30°C using scan rate of 5°Criiim the
cooling cycle. In the second heating cycle, the @aswere reheated to 250°C at a rate of
5°Cmin’. The status of nanoparticles in the samples wasactaized using transmission
electron microscopy (TEM) (FEI Tecnai transmiss&lactron microscopy) at an accelerating
voltage of 200kV. The evaluation of crystallinitgrneentage of phases in the heating-cooling
steps was done by variable temperature X-ray diffva (VT-XRD) (Philips X'Pert PRO
Diffractometer) at different temperatures with suag rate 10°Cmii. A triple-shape memory
testing was applied on the rectangular specimenappioximately 20mm x 5mm x 1mm
dimensions. All the thermomechanical programs faapge memory induction were carried out
with a stress-controlled DMA (Q800, TA instrumenits)tension mode. The thermal programs
are schematically illustrated in Fig. 1. As canseen, in the step 1, the sample (shape A) was
first heated to a high-temperaturgg{(165°C) and kept for 10 minutes under a low tensiitess

of 0.001IN to allow stress relaxation before extagdiThen, the stress-controlled uniaxial
stretching was applied and was kept constant dwsuizsequent quenching. In the step 2, the
sample was cooled to a middle-temperatukg {70°C) to fix the first temporary shape which
obtained in the previous step. After removing thplied stress, a shape B is formed. In the step
3, similar to the step 1, after being kept for &eotl0 minutes at.fy the sample was extended
again. In the step 4, after cooling the sample towatemperature §, (0°C), a shape C was

obtained upon releasing the external stress. Irstiye 5, a free strain recovery was performed



under continuous re-heating tg;Fat 5°Cmin’ to return to shape B. Finally in the step 6, when
the sample was further heating continue ggnTthe original shape was recovered.

Regarding to the thermal-mechanical programmingdrigm 1, the shape fixity (R and shape
recovery (R) ratios were calculated according to equationg26%
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Here,sf,(N_l) is equal to the original straim(,,) of shape Asé(N) ands}(N) are the engineering
strain after uniaxial stretching in step 1 and rafteloading in step 2 respectivek;é(m is the
engineering stain after uniaxial stretching in Siwndz?m) is the engineering strain of shape C
after unloading in step 4113(1\1) is the engineering strain of recovered shape &ap 5 and:f)(N)

denotes the engineering strain of original shapaps A) in step 6.

3. Results and discussion

3.1. Characterization of functionalized GNps

Fig. 2(a) shows the FTIR spectra of nanopartidhsscan be seen, a small peak at 3431evas
observed which corresponded to hydroxyl groupsristipe GNp. This peak was intensified
after the functionalization reactions in OGNp ar@Np, which implies to formation of new
hydroxyl groups. In addition, the peaks at 171389.and 1170cih appeared in OGNp can be a
reflection of the formation of carbonyl groups. $aeeaks are attributed to carboxylic acids (-
COOH-), asymmetric —COO- stretch and symmetric —€Q@@etch, respectively. After the

acylation reaction and produces chlorine-contairfitngetional group on the surface of FGNp, a
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peak at 600cth was appeared indicating that a successful reacfi@eylation is done. Similar
results have been reported by other researcher [8 Raman spectra for pristine GNp and
functionalized samples are illustrated in Fig. 2(h)these spectra, three distinguished bands can
be seen: D band, G band, and 2D band become viaiolend 1335, 1580 and 2660¢m
respectively. The structural defects of GNps playuial role in the final properties of this fille
and their nanocomposites. It is well known thatititensity ratio can be used as an indicator of
structural defects quantity [28]. The lowerlg value means the fewer the defects, in the other
words, by making progress of the functionalizati@action, the amount of defects increase.
FGNp shows anpllg value of 0.58, which is higher than that of OGNp40), indicating more
defects and confirming the functionalization reacti The TGA thermograms of samples are
shown in Fig. 2(c). In all the thermograms, witlcreasing the temperatures, two main weight
loss steps appeared. The first step of weight éosand 100°C is related to the evaporation of
physically absorbed water while the second steprat@®00°C is depended to the pyrolysis of
oxygen- containing groups [25]. In the range of-P20°C, the weight losses were 3, 11, and 8%
for GNp, OGNp, and FGNp, respectively. The differemn the thermal behavior of the samples
probably related to the existence of oxygen-conntgigroup on the surface of OGNp and FGNp.
In comparison to neat GNp, during the functiondicrareactions some organic groups create on
the surface of modified GNp and in this range (220°C) these groups gradually decomposed.
Indicative STEM images of GNp, OGNp, and FGNp dispd in the solvent are shown in Fig. 3.
The images indicated that GNp particles tend toreagges while OGNp reveals more
homogenous with low tendency to aggregation and g-@Nstrates more individual plates. By
considering the results of FTIR, Raman, TGA and MTtests, it can be concluded that the

functionalization reactions are successfully acdshpd.



3.2. Determination of chemical cross-linking linkage

The presence of cross-linking linkage can be detmatesl by gel content measurements. In this
study, gel content was determined similar to ctvdsed ethylene plastic according to ASTM
D2765. All the samples showed approximately theesgal contentx 98%), meaning that the
cross-linking had been successful in the samples.samples containing 70 wt% PLA showed a
better response to the applied cross-linking syst@moss-linking the PLA chains in the
amorphous phase increased the cross-linking lirkagiethe ends of the chain and prevented
them from decomposition at the melting point [20].3

3.3. Nanocomposite characterization

Typical TEM micrographs of samples containing 1880OGNp and FGNp in PLA50/PCL50
matrix are demonstrated in Fig. 4. The effect ofctionalization on the FGNps is clear. As it is
seen transparent graphene nanoplatelets, whichhemagntain even monolayer graphene, can be
clearly observed in comparison to OGNp. It is emidédom the image that FGNps were
homogenously dispersed in the matrix and the extfadi state is acceded, furthermore the folded
sheets of FGNps were observed to be well disparséde polymeric matrix. Since PLA and
PCL are semi-crystalline polymers, their shape ngnpyoperties are strongly affected by
crystallization. In order to consider the influerafeGNp loading and modification reactions on
the crystallinity of the nanocomposites, DSC wasleyed. Fig. 5 shows the typical DSC
thermograms of the nanocomposites of PLA50/PCL56owmling and second heating steps and
the obtained data are listed in Table 1. As casdam, in the cooling step in PLA/PCL samples
without nanoparticles, PLA (due to a low rate ofstallization kinetic) can not show any
crystallization peak by a rate of 5°CriirDuring second heating the blends showed two nelti

peaks at 50 and 159°C, which are related to the B@L PLA respectively. It indicates the



thorough immiscibility between the PLA and PCL pda# the blends. In addition the degree of
crystallinity (X;) for PLA was about 3%. In the nanocomposites,attidition of FGNps did not
significantly change the melting points of the PaAd PCL. The two melting peaks are at 51°C
and 160°C respectively, which are very close td tfidhe pure component. However, there is a
notable increased in degree of crystallinity of PhiAase with increasing the loading of FGNp.
Moreover, for PLA/PCL/FGNp nanocomposites in alingmsition ratios, X pLa Was increased
by 0.2-12% for different FGNps loading, while thiscrease was more significant for
PLA70/PCL30/FGNp 1.5 nanocomposites with an ineexHs4-22%. It can be conclude that, by
incorporating the nanoparticles into blends, thestallization peaks appeared which indicates
that these nanoparticles act as nucleation agehem@manced the crystallization process.

3.4. Shape memory behavior

The triple-shape memory properties were examinedemura controlled-force mode in film
tension according to the thermomechanical cycleeatod in the previous section. The melting
points of crystalline phases were selected as itramstemperatures L9 and triple-shape
memory was induced at,Ipia and T pci. Fig. 6 shows the typical time dependence of rstrai
stress and temperature during the triple-shape menyle for PLA50/PCL50 blend and the
samples containing 0.75 and 1.5 wt% FGNp. Theyfigind recovery ratios (Rand R) as the
main indices of shape memory performance accorttingguations 1 to 5 were calculated and
summarized in Table 2. The process is divided sitetching and recovery steps. As can be
seen, in Fig 6a at the stretching step, when stidd®a) is loaded at 165°C, the strain value is
increased to 18.4% quickly. During the cooling t6°® under the load, the strain remains
constant approximately. As the stress is unloattedistrain decreases slightly to 16.4% and the

first temporary shape is formed. Afterward, theesdr (3MPa) is applied at 65°C in which the



strain reaches to 31.4% quickly. During the cooliagd’C under the load, the strain does not
change. After removing the stress, the strain dese® further to 30.1% and the second
temporary shape is obtained. To recover the afangoreed shapes, the heating process under
unload condition is applied in two steps. The straturns to 19.5% and 7.9% at 65 and 165°C
respectively. Considering the fact that the strainstill recovering under keeping at the
isothermal condition and the recovery ratio is @asing, the sample stay at 65°C and 165°C for
10 minutes. The same procedure was conducted tgatmples containing 0.75 and 1.5 wt%
FGNp which one can find in Fig. 6b and c. Regardmgable 2, the shape fixity ratiosjRf
PLAS0/PCL50 were increased from 89.7 to 95.8% flamB and 91.4 to 96.3% from-BC by
addition of 1.5 wt% FGNp. All PLA/PCL nanocomposgamples showed fixity ratios higher
than 80%. In addition, recovery ratios were in thage of 60-90%. Two factors control the
shape memory properties which is consisting theemmnt of soft phase and the modulus of
hard phase [31]. In this study, cross-linked PLA/Hflends are J-based SMP in which PLA
gives the hard phase for the shape fixity and P@ipbkes the reversible phase for the shape
recovery. Consequently, high fixity ratio illusteatthat the temporary shape is reserved based on
vitrification of soft phases during cooling. Theagle fixity of SMP is dictated by two factors
[32]. The first is the amount of unlocked orientelahins for which the orientation of these
stretched chains is maintained by crystallizatiod aross-link linkage in the cooling stage. The
second is the modulus of the material which be, llesg values of shape fixity occurred. So, the
shape fixity was increased which may be attributethe enhancing of the crystallization and
modulus of the samples. Our data indicate thatbgrporation of FGNp (Table 2), the shape
fixity was increased. This observation is in agreetmwith presented DSC data in previous

section. During the recovery step, when the stwess removed, the reversible phase gradually
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restored and relaxed to the original structureti®ovalue of shape recovery of blends follow
similar trends as shape fixity and shows sensititeekhe nanoparticles content.

It can be concluded that in the shape memory pnogriag, at high stretching temperature
(165°C) both polymeric chains oriented, wherealwat stretching temperature (65°C) only the
chains of PCL phase oriented. During the coolingpstthese two phases maintained their
oriented domains due to being in the glassy stfteen the stress was unloaded, first the PCL
chains recovered and then the PLA chains returrie@5zC and 165°C respectively. It is
important to note that the polymeric phases cooldbe recovered completely because of some
irreversible deformations and chain slippages. Aaopoint which should be considered that the
shorter time recovery was achieved for the nanoositg samples due to presence of FGNps as
a thermal conductive filler.

3.5. Variable-temperature X-ray diffraction study

Since the crystallization of the phases plays goomant role in the shape memory performance,
the VT-XRD was used to get better understandinthefeffect of graphene nanoparticles on the
crystallization behavior in the heating and coolstgps of programming triple-SMPs. At the
room temperature, the PLA shows the strongestatédle indices (200) at2 16.4° and (203) at
20= 18.6° and PCL (110) at02 21.6° and (200) at62 23.8° [33]. As mentioned in the
experimental section, VT-XRD analysis was accorhglisat 25°C, 70°C, 80°C, 90°C and cooled
at 25°C. At theses temperatures PLA crystals dochahge appreciably while the PCL phase
experiences some different levels of crystallinity.other words, in this test the crystallization
percentage of PCL phase was evaluatedsitu during heating the samples to 90°C and
subsequently cooling to room temperature (25°@pasttant rate. The typical VT-XRD patterns

of PLA50/PCL50 and PLA50/PCL50/FGNp 1.5 are depidteFig. 7. As can be seen in Fig. 7a,
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at room temperatur¢ghe crystallinity peaksof both PLA and PCL are clearly detected. The
intensity of PCL peaks decreased with increasimgpegatureand disappeared completely at
90°C, where the PLA peaks did not change duringthieemal cycling. By cooling the blend
samples to 25°C and repeating the XRD analysis,Pie peaks were appeared with lower
intensity which means re-crystallization was nanptetely occurred. It is probably, because of
lack of heat transfer in the thermally actuatioagst which affect the relaxation time and the
crystallization kinetic. It seems controlling thieape fixity and shape recovery can be affected
by these phenomend&herefore, low conductivity of polymer reduces thbape memory
performance [34]. In this study, quantitative phasalysis by the XRD, based on the fact that
the volume fraction of any crystalline phase inlanl, was calculated from the measured
integrated intensities of diffracted peaks [35]eTiesults of quantitative phase analysis of the
PCL that extracted from diffractograms are disdalose Table 3. Regarding to Table 3, by
addition of graphene nanoplatelets into the bletidsPCL crystallization percentage in the total
sum of all crystalline phases decreased. It magiugeto the impressive effect of FGNps on the
PLA crystallization in compare to PCL which causedecrease in the crystallization amount of
PCL phase. It seems the main reason for more effdeGNps on the PLA phase crystallization
is the selective localization of these nanopasiahethe PLA phase due to better matching by its
functionalization. As mentioned before, an improeatnof re-crystallization can be attributed to
the raising the heat transfer owing to presendeGiMps.

4. Conclusion

This study is motivated by current researches enfigfld of triple-SMPs nanocomposites. In this
work, thermally actuated triple-SMPs of chemicallgross-linked PLA/PCL/FGNp

nanocomposites were prepared by facile solutioningimethod. The morphology and also the
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thermal and shape memory properties were investigdiEM analysis revealed that the FGNp
had good interactions with matrix and were compfesxfoliated so increase the crystallinity
which resulted in an improvement in shape memorfjop@ance. The samples showed two-well
separated transition temperatures correspondingetong points of PLA and PCL phases. Two
temporary shapes were fixed at 65 and 0°C, whicbvery at 65 and 165°C. The triple-SMPs by
immiscible PLA/PCL blends with 50 wt% PLA showedopounced triple-SMPs in DMA
analysis. This novel strategy of cross-linked inuitike blends could be applied to design and
prepare new triple-SMPs based on melting temperaifipolymers. Incorporating of the FGNp
into the blends increases the shape fixity becatiseahancing of the crystallization and modulus
of the samples. Furthermore, in the presence ofmddeconductive FGNp, high recovery ratio
was achieved. The greatest shape memory behavier atdained for the samples of
PLA50/PCL50 containing 1.5 wt% FGNps.
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ACCEPTED MANUSCRIPT

Fig. 3. STEM images of graphene nanopatrticles dispersétei DMF solvent: (a) GNp, (b)

OGNp, and (c) FGNp

Fig. 4 Typical TEM images of (a,b) OGNp and (c,d) FGN®b(Wt%) in PLAS0/PCL50 matrix
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Table 1 Summarized the DSC analysis of the PLA/PCL/GNp oangposites

Cooling 2" Heating
Sample Name TepcL Tepia AHcpia  Xepta Teept Tmpia Tmper  AHeopia  AHM,prA
(G (C) (J/9) %) A(C) (C) (<) (J/9) (J/9)
PLA30/PCL70 23.2 - - 2.1 94.9 156.9 51.9 3.8 4.7
PLA30/PCL70/FGNP 0.75 25.3 116.3 1.2 12.7 97.6 462. 53.5 3.2 6.4
PLA30/PCL70/FGNP 1.5 25.1 117.1 2.7 18.1 96.4 462. 52.0 3.1 6.4
PLA50/PCL50 22.2 - - 1.4 94.1 157.4 50.5 8.5 9.2
PLA50/PCL50/FGNP 0.75 24.4 107.9 2.7 15.1 99.1 460. 50.9 6.1 9.7
PLAS0/PCL50/FGNP 1.5 21.8 112.5 7.3 20.9 99.3 860. 50.8 3.3 114
PLA70/PCL30 20.8 - - 3.0 99.5 158.9 50.9 9.9 11.8
PLA70/PCL30/FGNp 0.75 23.1 106.9 11.2 21.3 102.5 2.36 50.3 1.5 14.8
PLA70/PCL30/FGNp 1.5 24.6 107.4 12.9 24.4 999 .61 504 1.9 17.2
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Table 2 Triple-shape memory performance of PLA/PCL blenelsorded from cyclic thermal-

mechanical tests carried on DMA

Sample Name Riass (%)  Reg.c (%) R c_s (%) R 5 (%) Ritot, ca (%)
PLA30/PCL70 74.7 71.6 91.2 73.4 82.5
PLA30/PCL70/FGNp 0.75 77.4 83.4 93.2 75.8 85.2
PLA30/PCL70/FGNp 1.5 80.5 84.6 95.2 77.6 87.4
PLA50/PCL50 85.6 88.9 80.5 79.8 89.9
PLA50/PCL50/FGNp 0.75 89.7 914 88.7 91.2 94.3
PLA50/PCL50/ FGNp 1.5 95.8 96.3 93.4 94.6 96.7
PLA70/PCL30 92.9 71.4 275 81.8 79.7
PLA70/PCL30/FGNp 0.75 98.1 81.9 57. 4 83.5 84.3
PLA70/PCL30/FGNp 1.5 98.8 82.2 65.7 93.7 94.1

Table 3Quantitative phase analysis of crystalline PCL pHasm X-ray diffractograms

Percentage of crystalline PCL phase in total sum il

Samples Name crystalline phases
at25°C at 25 °C after cooling
PLA30/PCL70 90.1 79.7
PLA30/PCL70/FGNp 1.5 87.9 84.4
PLA50/PCL50 51.0 22.3
PLAS0/PCL50/FGNp 1.5 45.4 36.5
PLA70/PCL30 35.2 22.0
PLA70/PCL30/FGNp 1.5 27.3 23.6
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