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ABSTRACT

In this work, the effect of the addition of diffeteamount of nanosized hydroxyapatite

(nHA) on the shape memory behaviour of blends basegoly(lactic acid) (PLA) and

poly(e-caprolactone) (PCL) has been studied. In particAlaA/PCL blend with 70 wt

% PLA has been reinforced with 0.5, 1 and 3 wt %AnMoreover, the relationship
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between the morphology and the final propertiesthef nanocomposites has been
investigated by field emission scanning electroncroscopy, confocal Raman

spectroscopy and atomic force microscopy. In paldrg PeakForce has been used to
study quantitative nanomechanical properties ontliéifunctional materials leading to

conclusion that nHA increase the phase separagbomden PLA and PCL as well as act
as reinforcements for the PCL-rich phase of theonamposites. Furthermore, excellent
thermally-activated shape memory response has beetained for all the

nanocomposites at 55 °C. Finally, the disintegratimder composting conditions at
laboratory scale level was studied in order to konthe biodegradable character of
these nanocomposites. Indeed, these materialdbkreocabe used for biomedical issues
as well as for packaging applications where bo#rntally-activated shape memory

effect and biodegradability are requested.

Keywords. Biodegradable blends, PLA, PCL, nanocompositesanosized
hydroxyapatite, shape memory.

1. Introduction

In recent years the interest of new kinds of bieddgble nanocomposites to be used in
different applications fields, is strongly incredg4é&-3]. Among them, nanocomposites
based on biopolymers are focusing the attentidootif scientists and industry, looking
for new environmental-friendly materials [4].

Moreover, the combination of biodegradable matefigl melt blending approach at lab
scale presents many advantages because it ofeexgphortunity to tune their physical
properties over a wide range through a relativetypke, cost effective and readily
available processing technology easily scalabiedatstrial level [5].

Biopolymers such as poly(lactic acid) (PLA) andygelcaprolactone) (PCL) have been
widely studied for a wide number of applicatiorns particular in the biomedical sector
[6, 7] and for short term applications (i.e. padkggagricultural mulch films, etc.) [8].
Both polymers are aliphatic polyesters, biocompatdnd biodegradable. In addition,
PLA can be obtained from renewable resources. Tia& very interesting properties
by themselves, but their combination allows obtainnew materials with unique

properties through their copolymerization [9] adlvas by blending [10lhem. In fact,
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starting from PLA-b-PCL block copolymer structuras well as from their blends,
materials with enhanced mechanical response, slgotviferent thermal behavior, with
tunable degradation rate or even smart materidts shiape memory behavior have been
designed [11-15].

PLA and PCL are not miscible, so their blend israbgerized by a phase separation,
which plays a very important role in their finalbperties [16]. Ferri et al. [10] blended
PLA with PCL as flexible polymer in different progimn to improve ductile properties
of PLA. They observed a lack of miscibility. Howeyé¢heir results showed that the
addition of 20-30 wt % of PCL provides attractivectle properties to PLA. In our
previous work, immiscible PLA/PCL blends were alpoepared using different
PLA:PCL composition, 100:0 70:30, 50:50, 30:70 @&td0 confirming the possibility
to design PLA/PCL blends with desired mechanicafgomance [17]. Moreover, the
presence of two different phases is particularlpomant when working with shape
memory materials. In fact, shape memory is the lmépaof a material to change its
shape in a temporary one and to recover its irsti@pe when an external stimulus is
applied [18]. Different stimuli are able to promdke shape memory response such as
temperature, light and humidity, among others [0R-Blowever, the presence of two
different phases is required thus taking into aotdhbat one acts as fix phase, able to
recover the initial shape and the other one issthigkching phase, characterized by a
particular transition temperature&hy that allow to fix the temporary shape [21]. In
order to study the thermally-activated shape menimaigaviour, thermo-mechanical
cycles can be performed. Once identified thg,slof the switching phase, during the
programming stage, the sample is able to fix ipmrary stage applying the
temperature as external stimulus, and then, dutliveg recovery stage, the sample
recovers its initials shape when the external dtimus applied. Two are the main
parameters to be studied when working with the shaemory materials, the strain
fixity ratio (Rr) and the strain recovery ratio JRindicating the ability to fix the
temporary shape and to recover the initial shagsmectively [22].

Dong et al. [23] reported a pioneering work on shagmory material based on
PLLA/PCL blends in 2011. They reported that PLLAIPKlend with the weight ratio
of 1:3 presents a,®f about 95% within 22s.

In our previous work we found that PLA/PCL blendwB0 wt % of PCL is able to

present thermally-activated shape memory behaui&5a°C [17]. Therefore, in this
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paper the effect of the addition of nanoreinforceta®n the shape memory behavior of
this blend was studied thus considering that wedpelsed nanoreinforcements can
improve the properties of the neat polymeric madng at the same time can modify the
compatibility between the different polymeric phas@4, 25] changing its shape
memory response as well as can affect to the transiemperature required for the
thermally-activated shape memory effect. At thigarel Navarro-Baena et al. [26]
reported that the incorporation of cellulose napsials in a poly(ester-urethane), based
on PLA and PCL, enhances the shape memory respalnisaning a Rvalue of about
90 % for the bionanocomposite, much better thanvdiae of 70 % reported for the
neat matrix. However, they reported that the ttaorsitemperature for the neat
polymeric matrix is slightly different that the omeed for the bionanocomposites as a
consequence of the addition of nanofillers.

Therefore, nowadays, to study the effect of theiiporation of nanofillers in shape
memory systems is a very important challenge tadeply explored. Very few works
are reported in the literature about these smarbmeenforced systems evidencing the
difficult to obtain very-well optimized smart narmuposites. Recently, Molavi et al.
[27] reported an interesting study on triple shapsmory behaviour of nanocomposites
based on blends of PLA and PCL reinforced with besgg nanoplatelets.

However, based on our knowledge, at this time, ndkwon shape memory response
of PLA/PCL blends reinforced with hydroxyapatiteA}-have been yet published.
Among nanofillers, hydroxyapatite at its nano-levehno-hydroxyapatite (nHA), is
widely used as reinforcement thus considering thas the most relevant mineral
component of human hard tissues [28]. Moreovertelspun PLA fibers reinforced
with nHA are able to increase the storage modw#@% [On the contrary, the addition of
nHA does not affect significantly the thermal bebawf the polymeric matrix. For
instance, Kaur et al. [30] studied the thermal praps of PCL, finding that they are not
significantly affected by the presence of hydroxatep, while the crystallinity slightly
decreases. We recently observed that nHA incretisesize of the meso-structured
domains in a poly(ester-urethane) nanocompositestduhe increased interaction of
the HA nanofillers with the separated poly(estetiiane) domains [31]. Additionally,
depending on the nHA amount, a plasticizing ef{feécd and 1 wt %) or a reinforcement
effect (3 wt %) can be produced [31]. Moreoverraduicing small amount of nHA to

the polymeric matrix, it is possible to obtain armmbydrophilic material [31].



In the present work, shape memory response of bradable PLA/PCL blend
reinforced with nanosized hydroxyapatite at thrigigbnt contents (0.5, 1 and 3 wt %)
has been studied. A morphological and structuraratterization of the processed
materials have been performed with different teghes, such as scanning electron
microscopy (SEM), Fourier transformed infrared spmscopy (FTIR), Raman
spectroscopy in mapping mode and atomic force meoopy (AFM). Moreover, a
comprehensive analysis was performed with AFM mm&of changes in mechanical
properties induced by the presence of nHA using kiPe@e quantitative
nanomechanical property mapping (QNM). Their thdrarad mechanical properties
were also studied and correlated with their stmattuand morphological
characterization. Therefore, thermally-activatedpghmemory properties were studied
by dynamic mechanical thermal analysis (DMTA) fangsthe attention on the effects
of the addition of nHA on the shape memory behavathe PLA/PCL blend in term
of both strain recovery and strain fixity ratiosin&lly, the disintegration under
composting conditions at laboratory scale level wssformed to confirm the
biodegradable nature of these nanocomposites. iEheeatjration levels were evaluated
by monitoring the nanocomposites weight loss, wimlerphological and structural

changes were followed by SEM and FTIR, respectively

2. Experimental
2.1 Materials

PLA 3051D (D-lactide content of 4%) with density 25 g/cni and a molecular
weight (M,) of about 1.42 x 10g/mol, was supplied by Nature WofksUSA. PCL
CAPA8000 was kindly donated by Perstorp. Non-conumaér nanosized
hydroxyapatite, synthesized by chemical preciptatimethod [29], were used as
nanofillers. In brief, calcium hydroxide (Ca(OdHjvas dissolved in an aqueous solution
of gelatin, this solution was then appended dropdipp to an aqueous solution of
ortho-phosphoric acid POy, 85 %) in order to obtain a stoichiometric hydragstite,
with a ratio of calcium and phosphorous (Ca/P) d@d71moles. The solution was
basified until pH 10 using and the precipitated nstfowed a particle size of about 35

nm.



2.2 Processing of polymeric blends and their bionanocomposites

PLA was blended with 30 wt % of PCL and furtherded with 0.5, 1 and 3 wt % of
nHA by extrusion. Prior to processing, all the miate were dried in an oven at 40 °C
under vacuum during 24 h. The samples were preparedDSM Xplore co-rotating
extruder at a screw speed of 100 rpm for 3 min&&t 4C. Then, the materials were
compressed into films of 50@m using a Dr. Collin 200mm x 200mm press at 180 °C.
First, the extruded materials were heated for 1 ahiatmospheric pressure and then 50
bar of pressure were applied for 1 min. The obthifisns were cooled to room
temperature with water-refrigerated aluminium atmder a pressure of 50 bar. The
obtained materials were named as M70PLA for thet fm@end, M70PLAO.5HA,
M70PLA1IHA and M70PLA3HA for the three different r@omposites, thus

emphasizing the respective nHA content.

2.3 Characterization techniques

Field emission scanning electron microscope (FE-SHNachi S8000) in transmission
mode was used to study the morphology of the naaddiydroxyapatite as well as its
dispersion in the polymeric matrix. The morphologlythe PLA/PCL blend and its
nanocomposites was investigated by scanning eteatr@wroscopy (SEM PHILIPS
XL30 with a tungsten filament). The polymeric saggplwere frozen under liquid,N
and then cryo-fractured. All the samples were galfddium coated by an automatic
sputter coated Polaron SC7640.

Atomic force microscopy (AFM) analysis was perfodneperating in tapping mode
with a scanning probe microscope (Nanoscope lllajtiode TM from Digital
Instruments and Nanoscope V, Dimension Icon formkBr). Samples were cut using
an ultra-microtome Leica Ultracut R with a diamdsldde. Height and phase images
were obtained under ambient conditions with typsmdn speed of 0.5-1 line/s, using a
scan head with a maximum range of {fé x 16 um. AFM also has been used for a
quantitative nanomechanical (QNM) analysis. Meas@rgs were carried out using
PeakForce mode under ambient conditions. Commereikdctive Al tips (TAP150A
with a resonance frequency of ~150 KHz) were uddwk measurements have been

performed with a calibrated optical sensitivitye thxact spring constant was calculated



using the Thermal Tune option and a defined tipusdvas adjusted using PS as
standard.

The structural characterization was also condubteBTIR measurements which were
carried out in transmission mode in the 4000-650" cspectra region at room
temperature (resolution of 4 €mand 32 scans) with a Spectrum One FTIR
spectrometer (Perkin Elmer instruments).

Raman mapping measurements were performed in twdgudy the morphology of the
samples [32] by mean of a Renishiwia Reflex Raman Microscope (Wotton-Under-
Edge, UK). An optical microscope is coupled to siygstem. The laser beam is focused
on the sample with an Olympus 0.75 x 50 microsaupgective. The spatial resolution
was about 1.22im. Calibration was done by referring to the 520"dine of silicon.
The Raman scattering was excited using a diode &se wavelength of 785 nm (320
mW power). An automatic motorized translator X-Yageg was used to collect two
dimensions images. A total of 960 spectra was dezbat the interval of 800 ¢hand
1150 cmt in order to mapping the different areas, thus icEming the vibration band of
PLA at 873 crit and the skeletal stretching for PCL at 1109'cm

Thermal properties were investigated by differdngsaanning calorimetry (DSC)
analysis using a Mettler Toledo DSC822e instrum&aimples of about 10 mg were
sealed in aluminum pans. Thermal experiments wamgosed by three cycles: firstly a
heating scan, from 25 °C to 200 °C, then a coddicen from 200 °C to -90 °C and
finally a heating scan from -90 °C to 200 °C. Aletscans were performed with a
heating rate of 10 °C/min run under nitrogen puiiggee melting temperatures {lrand
the melting enthalpyAH,,) were obtained from the first heating scans. Meeeothus
considering that no further thermal treatments paruthe samples in order to study
their thermally-activated shape memory response fitst cycle is use to choose the
parameters for the shape memory analysis. The eegjrerystallinity of the samples

was calculated according with Equation 1.

a_ 1 [BHn]. )
X8 =—— [AHmO] 100 Equation 1

where AHyo is the melting enthalpy for a 100 % crystallinetenzal and X is the
percentage of the crystalline componarih the sample. The value taken o of
PCL was 148 KJ-md| while for PLLA was 93 KJ-mdi[33].



The mechanical properties were determined usingstron Universal Testing Machine
at a strain rate of 200 mm/min according to 1ISO28I1 [34]. Measurements were
performed on 5 dog-bone specimens with a width w2 and leaving an initial length
between the clamps of 20 mm. From these experimeete obtained the Young
modulus, as the slope of the curve between 0 ¥@2adof deformation, the elongation
at break and the maximum strain reached.

Dynamic mechanical thermal analysis (DMTA) of tleenples was carried out using a
DMA Q800 from TA Instrument in film tension mode ttvian amplitude of um, a
frequency of 1 Hz, a force track of 125 %, and ating rate of 2 °C/min. Samples
subjected to DMTA were cut from compression-mouléleds into regular specimens
of approximately 20 mm x 5 mm x 0.60 mm.

Thermally-activated shape memory characterizatioas woerformed by thermo-
mechanical cycles by DMTA at a,ghsclosed to the J of PCL thus considering that in
our system, PLA acts as fix phase while crystalR@L is the switching phase. In fact,
in order to perform thermally-activated shape megnamalysis, it is necessary to heat
the sample above the corresponding.dand to strain the sample to a desired shape.
Then, the material is cooled while maintaining deéormation. Once the applied stress
is removed, the recovery of the original shape by re-heating the sample above the
Twans Therefore, in order to analyse the effects ofatidition of nHA on the thermally-
activated shape memory response of the PLA/PCLdblardeformation of 50 %€ ()
has been used. The samples were heated at a témnpesh 55 °C, for 5 min, and
stretched untik, is reached by applying a constant deformatiorsstr€hey were then
quenched at 0 °C under the same constant stresgeffitporary shape, was recovered
after releasing the stress, and the permanent sbl@ecterized by an elongation&gf
was recovered upon heating (3 °C/min) to 55 °Ced&Hdifferent thermo-mechanical
cycles have been performed for each material. M@eowith the aim to get a
quantitative estimation of the thermally-activatedape memory properties of the
materials, the strain fixity ratio and the stra@tavery ratio have been calculated. In
particular, R the ability to recover the initial shape, wasetakas the ratio of the
recovered strain to the total strain, as givenhgyfollowing equation:

(em—gp ()

Rr (N) - em—ep(N-1)

X 100 % Equation 2



R:, the ability to fix the temporary shape, is théaaf the fixed strain to the total

strain, as presented by the equation 3:

ey (N)

R¢(N) = e X 100 % Equation 3

where,&n, is the deformed strail, the fixed straing, the recovered strain and N is the
number of cycles.

The disintegrability test under composting condisiavas performed at laboratory scale
level following the ISO 20200 standard [35]. Thenmeomposite films (15 mm x 15
mm) were contained in a textile mesh to allow tlegisy removal after composting test,
but also allowing the access of moisture and migaaisms. They were buried at 4-6
cm depth in perforated plastic boxes containinglald synthetic wet waste (10 % of
compost (Compo, Spain), 30 % rabbit food, 10 %chtas % sugar, 4 % corn oil, 1 %
urea, 40 % sawdust and approximately 50 wt % ofewabntent) and they were
incubated at aerobic conditions (58 °C). Each namposite was recovered at 1, 17, 22,
38, 56 and 89 days of the composting test. The gamples were cleaned with distilled
water, dried in an oven at 37 °C during 24 h anderghed. The disintegration degree
was calculated by normalizing the sample weightliffé¢rent days of incubation, to the
initial weight. In order to determinate the timevatich 50 % of each nanocomposite
was disintegrated, disintegrability degree valuesewthen fitted using the Boltzmann

Equation [36] with OriginPro 8.1 software as follew

(m;—-meo)

m= T G=ts0/dD

Equation 4

where my and m,, are the initial and final mass values measuregeds/ely at the
beginning of the exposition to compost and aftee timal asymptotes of the
disintegrability test.sp is the time at which the materials disintegrapilitaches the
average value between andm,, known as the half-maximal degradation andsd
parameter that describes the shape of the curwebetthe upper and lower asymptotes
[36]. A gualitative check of the physical disintation in compost as a function of time
was also done by taken photographs, while the nmbogital and structural changes

were followed by SEM observations as well as byRFiieasurements.

3. Resultsand Discussion

In order to analyze the effect of the addition dffedent amount of nHA on the

thermally-activated shape memory behaviour of PIG/Pblend, first of all both
9



thermal and mechanical characterization have tpdyéormed in order to define the
parameters for the shape memory analysis. At dgard, DSC analysis and TGA have
been performed. The first heating scan of the Dgteements is presented kig. 1.a.

In our previous work [17], thegland T, of neat PLA was found to be around 60 °C and
150 °C, respectively while those of PCL were of a8 58 °C, respectivelylof both
PCL and PLA homopolymers are not affected neithaheir blend composition nor in
the final nanocomposites. All the PLA/PCL nanocosifas present the characteristic
PCL melting temperature at about 60 °C. All the enats also showed PLA cold
crystallization followed by the melting of PLA citgds. Even not shown, the, ©f PLA
remains quite constant at 60 °C, for all the makeistudied. As it is shown in theg.
1.a, the nHA addition does not change significantlg thermograms of the first scan

for the nanocomposites.
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Fig. 1. PLA/PCL blend and its nanocomposites: a) DS®dating scan, b) TGA and c)
DTG.
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Indeed, the | and the X of both components of this blend, PCL and PLAwad as
for their nanocomposites did not change signifigaas can be easily noted in the
values summarized on Table 1.

Table 1. Melting temperature and degree of crystallinitytfee different formulations.

PCL PLA
Tm X (%) | Tm(C) | Xc(%)
(°C)

M70PLA 62 |47 150 1

M70PLAO.5HA |60 |40 149 3

M70PLA1HA 60 |37 149 1

M70PLA3HA 60 |44 150 4

Similar results were reported by Kesenci et al.tveo different PLA loaded with high
amounts of nHA where they testified no significaheinges on the thermal properties
[37]. A similar effect was described by Leung et[@8B] for PCL-based composites and
nanocomposites filled with micro and nano hydroxtap, respectively, with large
amounts of nanofillers, ranging from 5 % up to 40Bhey attributed these effects to
the poor interface between the nanofiller and tkd Bnatrix. On the other hand, all
investigated nanocomposites show a crystalline PRdse. This result is in very good
agreement with the possibility to use the PCL aigsas switching phase in order to
study their thermally-activated shape memory respon

The thermal decomposition of M70PLA and its nanogosites was studied by
thermogravimetric measurements. The TGA and DT@eauare shown ifig. 1.b and
Fig. 1.c, respectively. In our previous work [17], we sedlithe thermal stability of
PLA, PCL as well as PLA/PCL blends at different gwdions. Precisely, 55, was
found to be at 312 °C and 355 °C for PLA and P@kpectively, while the maximum
degradation temperature was found to be at 355nC383 °C on the same order.
M70PLA blend and its nanocomposites degraded indi®ps Fig. 1.c) with the first
peak corresponding to the PLA thermal decompositioil the second one related with
the PCL degradation, as it was previously repdoteds for PLA/PCL neat blends [17].
The Tse, and Tnax of M70PLA were the same of neat PLA, indicatingttthe thermal
stability of PLA did not change after the melt-liderg process. In the case of
nanocomposites, the addition of the lowest amotimtHA (0.5 wt %) did not produce

significant changes on the thermal degradationgg®of M70PLAO.5HA with respect
11



to the neat M70PLA. Moreover, higher amounts of nHAwt %) shifted the g, of
PLA-rich phase in M70PLA1HA around 10 °C to highafues, improving the thermal
degradation of the PLA/PCL blend. Slight shiftdhtgher values were also observed for
the maximum degradation temperatures of both PLA REL phases, even if these
improvements were not significant. However, theitod of 3 wt % resulted in a
decrease of thesd, of about 25 °C towards lowers temperature andtaksdr,ax of both
PLA and PCL decreased compared to the neat blend. dan be related to some
aggregates of nHA for this nanocomposite. Moreot@r,M70PLA3HA, occurs the
most evident decrease of thgal shifting this value approximately 30 °C to lower
values for the PCL phase and about 15 °C for th& &he. Nevertheless, it should be
highlighted that there was no degradation at teatpezs below 200 °C which is the
highest temperature used during the processing.

These findings were corroborated by means of FTHasurements in the 1900-1300

cm’ region of the spectr&ig. 2).
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Fig. 2. Infrared spectra (1900-1300 ¢jrof M70PLA and M70PLA3HA.

M70PLA and M70PLA3HA nanocomposites revealed thgicgl band at 1748 cm
assigned to the asymmetric stretching of the caibgroup of lactides [8], which is
overlapped with crystalline C=0 stretching vibratiof PCL that is assigned to the
shoulder at 1722 ch At 1417 cm' appears a small peak in nHA based
nanocomposites which is related to OH- bonds in B3. These may be an evidence
of intermolecular interaction between OH- groupsbfA and carbonyl group of PCL

confirming hydrogen bond interactions [40].
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The mechanical response of the investigated nanpasites was studied by tensile test
experiments and the results are reportedriopp 3. From the stress-strain curves of
M70PLA blend and its nanocompositésd. 3.a) it is possible to observe that all the
samples show yield deformation at lower straingratteristic of plastic deformation,
as well as the strain hardening at higher defolwnatalues before the sample breaks.

45
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Fig. 3. Tensile test results of M70PLA blends and thénbnocomposites: a) stress-

strain curves, b) Young modulus, c) tensile strieragid d) elongation at break.

The addition of nHA produced an increase of the ngpmodulus Fig. 3.b), while the
tensile strength remains quite constdfig( 3.c) for all investigated nanocomposites.
These small improvements can be attributed to ¢idarcing effect of nHA into the
polymer matrix. M70PLA blend reached elongationdak up to 200 %Hg. 3.d)
due to the plasticizing effect of PCL on PLA/PCLtmg as previously reported [10,
17] and this values were maintained for the nangusites up to 1 wt % of nHA, while
the stretchability strongly decreased for the higla@nount of nHA (3 wt %). Similarly,
for polyurethane nanocomposites based on PLA-b-Block co-polymer reinforced
with small amount of nHA it has been observed #ideast 3 wt % of nHA is required
to reach the reinforcement effect of this nanalIg81].
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However, before to study the thermally-activate@pgh memory response of these
materials, the main thermo-mechanical relaxatiohghe PLA/PCL blend and its
nanocomposites were studied by DMTA and compareld koth pure PCL and PLA.
The evolution of the storage modulus (E'), loss uhaesl (E") as a function of
temperature are presentedHg. 4.

The DMTA was performed from -100 °C to 120 °C fibttze materials.
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Fig. 4. Dynamic mechanical thermal analysis, a) storagdutus, b) loss modulus for

all the investigated materials.

Regarding the storage modulus evolutidfig( 4.a), all the investigated materials
present a drop of the storage modulus in two stys,to the J of PCL first and then

the Ty of PLA. The addition of nHA to the blend provokas increase on the storage
modulus values in the glass state. Indeed, theehighalues was reported for
M70PLAO.5HA of about 4100 MPa while for the neatrid the value was 3400 MPa.
For M70PLA1HA and M70PLA3HA the storage modulusaisout 3600 MPa. The

value of the storage modulus in the rubbery stafter( 60 °C) was about 100 MPa for
all the investigated materials, followed by an ease of that value due to the cold

crystallization of PLA. The loss modulus evolutifffig. 4.0) shows the { relaxation
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for both pure polymers, PCL and PLA, at -51 and®/respectively. In the case of the
neat blend, no changes were observed in thealues of PCL, although the, peak
became broader while a slight decrease was showthddLA Ty (63 °C). By the way,
when the nHA was added into the blend, it is waotimote that the Jof PCL was not
affected by the filler addition. However, thg ®f PLA increases for M70PLA3HA,
comparing with the neat blend and the other nanposites, reaching the same values
as pure PLA.

Moreover, the morphology of pristine nHA as welliesdispersion into the polymer
matrix was studied by FE-SEM in transmission mdmgore to perform the thermally-
activated shape memory analysis, as reportefeign5. The nHA particles present a
nanoroad-like morphology [41] and they show a wddgersion of dimension in length
but the thickness of these particles was measwrdaetaround 35 nm. It is easy to
notice the good dispersion of the nHA in the polymmatrix but increasing the nHA
content the presence of very small aggregates Wwsarneed. Thus taking into account
that it is difficult to understand the macroscofpehaviour of a material without
understanding its microscopic structure, a deegystun the morphology of the phase
separation of the neat blend and its nanocompdsésdeen carried out. In fact, when
working with two polymeric systems, it is very inmpant to study their morphologies in
order to understand their final properties thussadering that phase separation is a key-
factor to understand the macroscopic propertiepaymeric blends as well as of

copolymer systems [25, 42-46].
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Fig. 5. FE-SEM images in transmission mode a-b) pristim¢A (100000x and
150000x), c-d) M70PLAO.5HA, e-f) M70PLA1HA and §-M70PLA3HA at two
different magnitudes, 50000x and 100000x.

Therefore, the phase morphology of the fracturéaserof the blend M70PLA and its
nanocomposites was investigated by SEM analysier dfteir cryo-fractures. The
images of the different samples are presentédgne.
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Fig. 6. SEM images (2500x) of PLA/PCL blend an

Clearly, all the samples show typical “island” mioopogies, where small PCL spheres
are dispersed in the PLA matrix, thus indicatingmadhesion between both polymers,
which confirms their strong incompatibility as pi@vsly reported [17]. Meanwhile, the
SEM images show that the addition of nHA strongliec the morphology of the
nanocomposites. From an irregular “ellipsoid-like’ to a more spherical distribution
of the PCL phase. The diameter of the PCL sphe@esase according with the addition
of the different amount of nHA in the nanocompasitalthough the size distribution
for the PCL separated phase is very irregular wO&% nHA was added, for the
M70PLA3HA, the PCL spheres were much ordered andllemif compared with the
other nanocomposites. In fact, by using a freewsoft, Image J, it is possible to
calculate the size of the PCL separated phaseMFOPLA it ranges from 300 nm to 5
pm, while the size of the PCL spheres in the nampasites varies from 300 nm to 40
pum, depending on the amount of nHA. This fact qomsi that the addition of nHA
changes completely the morphology of the blendremsing the phase separation
between PLA and PCL. Moreover, in the nanocompdsiteulations some “empty”
interface between the two polymeric phases is lglgaesented, confirming their poor
interfacial adhesion.

Confocal Raman spectroscopy was used in orderrfircothe phase separation of the

blend and its nanocomposites. In fact, this teamnigan be considered as a good
17



method to study both the phase separation andshédtion of the homopolymers in a
polymeric blend and nanocomposites, allowing theniiication of the different
components [17]. IrFig. 7 the Raman images as well as the Raman spectraeédr
PLA/PCL blend and its nanocomposites are presesteédencing the intensity of each
signal. In particular, the green portion is relatedhe intensity of PCL signal from the
band centered at 1109 ¢mThe red region is related to the intensity of P$ignal,
centered in the band at 873 ¢fi7].
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Fig. 7. Raman images with the corresponding Raman spetc®PaA/PCL blend and its
nanocomposites.
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From this analysis, it is evident that a phaseisgpd morphology clearly exists for the
M70PLA blend and its nanocomposites, and it is ipbsgo detect both the PLA-rich
phase and the PCL-rich phase. In particular thie gagions of the Raman imagdsd.

7) correspond to the region in which both polymedste as can be confirmed also by
Raman spectra in which both PLA and PCL centeretti®dnave been obtained. For
M70PLA can be appreciated that PLA forms a contirsuphase (red regions Big. 7)
with dispersed drops of PCL with different sizese@n regions oFig. 7), confirming
the morphology observed by SEM.

Regarding to the dark regions of the figures, whiochrespond to points with the
contribution of both PCL and PLA homopolymer, M7@Ppresents the largest ones,
suggesting that between the polymers there wasntemphase composed by both
polymers, as previously reported [17]. For the mamnaposite, the dark region was
almost disappeared indicating their morphologidenges. This fact suggests that the
presence of nHA decrease the “miscible interphd&sttiveen the two homopolymers
leading to a worsening of the compatibility whileetinterfacial adhesion probably
increase due to the physical interaction betweenntHA and both homopolymers, as
previously observed by FTIR analysis. ThereforenBa maps are well related with the
morphology previously obtained from the SEM images.

In order to study the morphological changes obthinben the nHA has been added to
the polymer blends, mechanical studies has beem pdsformed by AFM. The
guantitative nanomechanical (QNM) properties of B and M70PLA3HA have
been performed using a Dimension Icon Microscopaippegd with a Nanoscope V
controller from Bruker. In particular, ifig. 8 the AFM height images for the neat
M70PLA blend and its nanocomposite with 3 wt % éfAnare reported. The AFM
height images of both indicated that the additibmanofillers changes the size of the
separated domains of the PCL phase. This fact giyaaffects the local mechanical
properties of the PCL phase and consequently offitteé mechanical properties of
investigated nanocomposite. The average roughiggsc@lculated using AFM height
images was different for unmodified and modified LA blend. R of neat M70PLA
blend was around 21 nm angd & M70PLA3HA was about 53 nm. The increase of the
average roughness for the blend reinforced with mdAfirmed the incorporation of the

nanofillers.
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Fig. 8. AFM height images of a) M70PLA and b) M70PLA3HA.

From the analysis of the QNM properties, thus caimgathe unmodified M70PLA
blend with the corresponding 3 wt % nHA nanocomiggsi can be easily distinguished
that the local elastic modulus of PCL-rich sepatrgibase change drastically with the
addition of nHA. This fact is evidenced from bokte tcontrast images reportedrig. 9

and from the analysis of their corresponding pestil
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Fig. 9. Quantitative nanomechanical properties obtaingd AFM and their
corresponding profile for a) M70PLA and b) M70PLA&RH

Moreover, taking into account that the brightereamdicates a higher modulus than the
darker ones, the modulus ranges from 2.5 to 1.8 @é&ditionally, it should be pointed

out that those significant changes in local elastadulus occurred for PCL-rich phase
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did not affect the average elastic modulus, extchdtom PeakForce QNM elastic
modulus images of 10 um x 10um, of the reinforced meat M70PLA blends being
around 3 GPa for both materials.

Finally, the addition of the 3 wt % of nHA to thelpmeric blend affects the adhesion
between the separated phases as can be clearlyirséba AFM adhesion images

reported inFig. 10.

13.0 nN b 13.0 nN

M70PLA3HA

0.0 Adhesion 10.0 um 0.0 Adhesion 10.0 um

Fig. 10. AFM adhesion images for a) M70PLA and b) M70PLASH

The adhesion of the macro-separated PCL-rich ptiaseged from 5 nN for M70PLA
blend to 10 nN for blend reinforced with 3 wt % nH&imultaneously, the adhesion of
the matrix remained unchanged. In addition, it seehat when the nHA has been
added to the matrix, the “empty” interface betwéesm two separated phases is more
evident. This result is in agreement with the SEMges.

Therefore, once correlated the phase-separatiorostiacture to the micro and macro
properties of the nanocomposites, and also stuthetr thermal and mechanical
response, it is easier to perform the thermallywattd shape memory analysis being
able to well identify the parameters required fiois tstudy. In particular, as it was
previously described, a transition temperatureetdds the melting temperature of PCL
was applied thus considering that in our systenf Btis as fix phase while crystalline
PCL is the switching segment. The digital photogsmmwf Fig. 11 correspond to
M70PLA1HA, as example of the visual appearancehef thermally-activated shape
memory process. Firstly, the sample was heate® &C5and deformed to the desired
shape. Then it was cooled down reaching the defdrat@pe reported ifig. 11.
Heating again at 55 °C, the crystalline PCL metid the sample recovers their initial

shape as it is clearly shown in the photograph escps ofig. 11.
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Fig. 11. Thermally-activated shape memory effect of M70BRHA. The images show
the fixing of the temporary shape and the recowafrythe initial shape from the
temporary state by heating application.

Shape memory properties of all the samples werdiestuoy DMTA. The elongation
applied,en, was 50 % and the switching temperature was 59B€.programming step
was designed with a uniaxial stretching at 55 #llpwed by a fast quenching of the
stretched state at O °C. The stretched state wastaimed after quenching and
subsequent removal of the stress at OF1G.. 12 presents the evolution of strain, stress,
and temperature during the dual-shape memory progmag step and the consequent
free-strain recovery under continuous heating daiat 3 °C/min, with a recovery
time of 30 minutes, for PLA/PCL neat blend andngocomposites. The reinforcing
effect of nHA can be observed thus considering stress applied to stretch the
specimen, from 1.2 MP&ig. 12.a) for the neat blend to 1.9 MPRi¢. 12.b andc) for

a low content of nHA, 0.5 and 1 wt %, while for MMIOA3HA this stress value
decrease reaching the same value of the neat bteat,is 1.2 MPaKig. 12.d).
Moreover, it is worth noting that 55 °C is the exawitching temperature of these
materials. In fact, the sample did not changehtgs until 55 °C has been reached and
that only when the isothermal ramp started, thecispen recovery process begun. In
Fig. 13 the shape memory results are reported in 3D diagat the thermo-mechanical
cycles performed. In this Figure it is possiblekearly observe the recover step during
the thermo-mechanical cycle and the stability us&il°C. However, from both the 2D
and the 3D thermo-mechanical diagrams it is viguelkar the excellent ability of the
both blend and its nanocomposites to fix the temuyoshape as well as to recover its

initial shape.
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Fig. 12. Evolution of stress, strain, and temperature rduthree consecutive shape
memory cycles for: a) M70PLA, b) M70PLAO0.5HA, c¢) BIFLA1HA and d)
M70PLA3HA.
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The values of the Rand the Rfor all the thermo-mechanical cycles are summdrine
Table 2, confirming the excellent ability to fix the temaoy shape of these materials,
with R¢ higher than 99 % for each cycle.

Table 2. Values of Rand the Rfor all the samples.

Sample R (%) Rt (%)
Cycle 112 (3 |1 2 3
M70PLA 92|195(95|99 | 99 | 99

M70PLAO.5HA | 9093|9599 | 99 | 99
M70PLAIHA |95|95|96|100| 100|100
M70PLA3HA | 91(95|96|99 | 99 | 99

Also the ability to recover the initial shape wasrywgood. R in fact, was very high
during the first cycle, more than 90 %, and inceelasntil values about 96 % after the
third thermo-mechanical cycle. Slightly higher \edu were obtained for the
nanocomposites with 1 and 3 wt % of nHA. Therefarés important to note that the
addition of nHA did not affect the good responséhef neat matrix to fix the temporary
shape, showing in each case values higher than 98s %ell as to recovery its
permanent shape keeping constant theaRies after the first cycle with values higher
than 96 % for the nanocomposites. This fact co@dnbportant thus considering the
final application field of shape memory materidfsfact, thus adding small amount of
nHA we are able to improve the stiffness of the atmmposites at the actuation
temperature without affecting their ability to bdtk their temporary shape and recover

their initial shape.
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Fig. 13. 3D Thermo-mechanical cycles performed at 55 °€ & M70PLA, b)
M70PLAO.5HA, ¢) M70PLA1HA and d) M70PLA3HA.

As a final study, PLA/PCL blends and their nHA fenced nanocomposites were
disintegrated under composting conditions at lalooyascale-level in order to confirm

their biodegradability as a sustainable end-lifdicsp The visual appearance of
recovered films at different time of disintegratisrshown inFig. 14.
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Fig. 14. Visual appearance of disintegrated PLA/PCL bleadd its hanocomposites
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under composting conditions.
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During composting, the recovered materials gragiuetlanged their color increasing
their opacity, giving evidence that the hydrolytlegradation process is taking place
[47]. The films disintegrability was also evaluaiaderms of mass loss as a function of
time by using the Boltzmann equation to calcula half-maximal degradationsd}.
The disintegrability curves are shownhig. 15 and it is clear that the presence of nHA
slowed down the overall disintegration process. Bodeep analysis, the surface
morphological changes of neat PLA/PCL blend andatsocomposites before and after
composting were followed by SEMFiQ. 16). As it can be seen iRig. 16.a, M70PLA
exhibited a regular and smooth surface before cetimmp compared with that of the
nanocomposites that showed more roughness fea(ligs 16.d, g and j). As
previously obtained also by AFM analysis. After d&ys under compost the films
became breakable and small pieces of films werevered Fig. 14), while then at 22
days the degradation process went faster, mainlyli®PLA which lost about 20 % of

the initial matter ig. 15).
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Fig. 15. Disintegrability of PLA/PCL blend and its nanogoosites as a function of

time.

It is known that the disintegration process in PRBL blends is faster for PLA than for
PCL [10], because of the disintegration in compasif polymer blends starts in the
more amorphous component of the polymeric matri§.[## has been reported that the
disintegration in compost of neat PLA film200 um) takes less than one month [17],
while the disintegration of PCL film$R00 pm) requires between 40 and 75 days [10].
In fact, neat PLA matrix in 4 weeks virtually digsared as it was reported in our

previous work [17], thus, at this stage mostly R@Gatrix is expected in the blend. The
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half-maximal degradations@) of M70PLA blend was at about 40 days and thisidble
reached the goal of disintegrability test (90 %ddHintegration [35]) in 90 days. The
end of the disintegrability test was considered nipgistine M70PLA was totally
disintegrated, that is 90 days in composting. A#2idays of the degradation process, it
was clear that the nanocomposites resulted moistaes to microorganisms attack
(Fig. 14). This result was confirmed by SEM observationfiese evident signs of
surface erosion with some fractures were preseatliblends Fig. 16.b, e, h andk),
however particularly pristine M70PLA presents sowweds of different sizesHg.
16.b). These findings can be related with the compatéyi effect of nHA between PLA
and PCL, which is reinforcing the PCL/PLA blenddatius protecting the polymer
matrix from the water and microorganisms attack.cakdingly, the rate of
disintegration under compost conditions was lorigenanocomposites with respect to
the M70PLA (¢ = 40.5 days), which showed increasing values df-rhaximal
degradation with increasing amount of nHA being MEZB0.5HA ts0 equal to 44.2
days, M70PLA1HA 4, equal to 43.5 days and M70PLA3HA, equal to 43.7 days.
Later than 38 days it is more evident that the niés delaying the disintegration
processkig. 15).
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Fig. 16. SEM observations (2500x) of a-c) M70PLA and trenacomposites d-f)
M70PLAO.5HA, g-i) M70PLA1HA and j-k) M70PLA3HA befe and after different

days of disintegration under composting.

Considering that at this stage the polymeric masixnostly PCL, it is suggesting a
preferential interaction of the nHA with the PClathwith PLA matrix in the blend,
confirming the previous results obtain by PeakFdpgdéM analysis. These results is
also in agreement with previous results were ayethane based on PLA and PCL
block co-polymers was reinforced with nHA and thenaofiller showed preferential
interaction with the PCL-rich phase of the PU maftgil]. SEM micrographsHig. 16.c,

f, i andl) showed deep signs of disintegration after 38irtgstlays, and they were
particularly notorious M70PLA were some spheric@lLPdomains are observed (see
insertFig. 16.c).

Finally, in order to corroborate the biodegradabiature of the developed
nanocomposites the disintegration phenomenon wakest by infrared spectroscopy.
The FTIR spectra of M70PLA and its hanocompositéhe higher amount of nHA
used (M70PLA3HA) at different degradation times ateown inFig. 17.a and b,
respectively. The carbonyl band becomes broadtreatarly disintegration stage of 6
days owing to an increase of the carboxylic endigsan the polymer chain during the
hydrolytic degradation, as also previously obseri4g8]. Moreover, the intensity of
carbonyl PCL shoulder increased at this time in RIZA in Fig. 17.a, while it
considerably increased for the nanocomposites,t ashown as inFig. 17.b for
M70PLA3HA. This different behavior suggests thatnld mainly protecting the PCL
matrix from the water attack. At 22 days, the isignof carbonyl band increased in
both, PLA/PCL blend and its nanocomposites, becabis¢ this stage it is also taking
place the disintegration of PCL. The loss of PChdorced the materials toughening
which turn into breakable PLA/PCL blends in goodegggnent with the visual aspect of
the films Fig. 14) as well as the SEM observatioisd. 16.b, e, h andk). However, in
M70PLA the PLA carbonyl intensity was higher thdratt of the more crystalline
carbonyl group of PCLKig. 17.a), showing that the disintegration of PLA matrixego
faster. At 38 days, the PCL carbonyl band intensityeased since, at this time, PLA
matrix is probably totally disintegrated and aduhally the disintegration of PCL is
promoted. In nanocomposites the intensity of battba@nyl groups remains constant at

22 days and their intensities simultaneously ireedaat 38 days. Around 1600 ¢m
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appears a broad band, corresponding to the formaficarboxylate ions at the chain
ends as a consequence of the hydrolytic degradatioich intensity augmented as the

composting time increase, as previously report&il [4

a) b)
3 3
= Day6 < Day 6
8 Day 22 8
ay
@ & Day 22
= 2
o Da o
(%2} (%2}
Q Q
< <
1800 1600 1400 1200 1000 800 1800 1600 1400 1200 1000 800
K _
Wavenumber (cm ) Wavenumber (cm 1)

Fig. 17. Infrared spectra of a) M70PLA and b) M70PLA3HAnaomposite before and

after different time of disintegration under comiiog.
4. Conclusions

The effect of the addition of small amounts of nk0A5, 1 and 3 wt %) in a PLA/PCL
blend was studied in term of thermally-activatedmhmemory response. Thermal and
mechanical analysis of the nanocomposites has pedormed and compared with the
neat matrix, not neglecting that phase separasoa key-factor when working with
polymeric blends and strongly influenced the mgmaperties of the materials. For this
reason a deep study on their morphology has bedorped by AFM, SEM, FTIR and
confocal Raman spectroscopy confirming the phagearagon of homopolymers
showing a preferential interaction of nHA with tRE€L-rich phase. This result is also
confirmed by disintegration in compost conditiorpesments. The presence of nHA
slowed down the overall disintegration process mgahowing preference for the PCL-
rich phase. Moreover, for all nanocomposites a gdmpersion was achieved. In
addition, the quantitative nanomechanical analysgormed with PeakForce QNM
demonstrates that when the nHA has been addecetmétrix, the “empty” interface
between the two separated phases is more evidergpod agreement with SEM
images. Mechanical properties, for all the nanoausiips, increased in terms of elastic
modulus, revealing the expected reinforcement e#een at low concentrations. On
the contrary, the thermal properties were not siigcaffected by the addition of nHA
at the studied concentrations. Therefore, the thkyractivated shape memory
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response of the nanocomposites was not affectetthdyaddition of nHA in term of
transition temperature required and also excelahies for both strain recovery ratio
and strain fixity ratio, higher than 95 % and 99 féspectively has been obtained.
Consequently, this study presents new biodegradabéerials with excellent
thermally-activated shape memory properties, easyrbcesses by common used
processing techniques on the industry level, witihamced mechanical properties
without changing the thermal behavior, useful foeit advanced thermally-activated
shape memory applications. Additionally, the disgrability test under composting
condition at lab scale, confirmed the biodegradahlaracter of these nanocomposites

which can be useful in different areas such as bdione or food packaging.

ACKNOWLEDGEMENTS

Authors thank the Spanish Ministry of Economy, Isiiy and Competitiveness,
MINEICO, (MAT2017-88123-P) and the Regional Goveemn of Madrid
(S2013/MIT-2862) for the economic support. M.P.Add..P. acknowledge the “Juan
de la Cierva” (FJCI-2014-20630) and “Ramon y Caj@YC-2014-15595) contracts
from the MINEICO, respectively. The authors alsartks CSIC for the I-Link project
(I-Link1149).

REFERENCES

[1] P.H.C. Camargo, K.G. Satyanarayana, F. WypygaAnocomposites: Synthesis,

structure, properties and new application oppotiesiMat. Res. 12(1) (2009) 1-39.

[2] V. Sessini, M.P. Arrieta, J.M. Kenny, L. PeppRrocessing of edible films based on

nanoreinforced gelatinized starch, Polym. Degraab $2016;132:157-68

[3] L. Yu, K. Dean, L. Li, Polymer blends and consfies from renewable resources,

Prog. Polym. Sci. 31(6) (2006) 576-602.

[4] R. Rendon-Villalobos, A. Ortiz-Sanchez, E. To@hnchez, E. Flores-Huicochea,

The Role of Biopolymers in Obtaining Environmengafriendly Materials. In: Poletto

M, editor. Composites from Renewable and Sustamabaterials. Rijeka: InTech;

2016. p. Ch. 08.

[5] M.P. Arrieta, M.d.M. Castro-Lépez, E. Rayon,FL.Barral-Losada, J.M. Lopez-

Vilarifio, J. Lépez, M.V. Gonzalez-Rodriguez, Pleigied Poly(lactic acid)—
30



Poly(hydroxybutyrate) (PLA-PHB) Blends Incorporatedth Catechin Intended for
Active Food-Packaging Applications, J. Agric. Foddhem. 62(41) (2014) 10170-
10180.

[6] AJ.R. Lasprilla, G.A.R. Martinez, B.H. LunellA.L. Jardini, R.M. Filho, Poly-
lactic acid synthesis for application in biomedidavices - A review, Biotechnol. Adv.
30(1) (2012) 321-328.

[7] H. Seyednejad, A.H. Ghassemi, C.F. Van Nostrlimyermonden, W.E. Hennink,
Functional aliphatic polyesters for biomedical apdarmaceutical applications, J.
Controlled Release 152(1) (2011) 168-176.

[8] R. Auras, B. Harte, S. Selke, An overview oflypactides as packaging materials,
Macromol. Biosci. 4(9) (2004) 835-864.

[9] I. Navarro-Baena, A. Marcos-Fernandez, A. Fadez-Torres, J.M. Kenny, L.
Peponi, Synthesis of PLLA-b-PCL-b-PLLA linear tiebk copolymers and their
corresponding poly(ester-urethane)s: Effect of thmolecular weight on their
crystallisation and mechanical properties, RSC Ad¥7) (2014) 8510-8524.

[10] J.M. Ferri, O. Fenollar, A. Jorda-Vilaplana, Garcia-Sanoguera, R. Balart, Effect
of miscibility on mechanical and thermal propertief poly(lactic acid)/
polycaprolactone blends, Polym. Int. 65(4) (20153-463.

[11] V. Guarino, F. Causa, P. Taddei, M. di Fog@aCiapetti, D. Martini, C. Fagnano,
N. Baldini, L. Ambrosio, Polylactic acid fibre-rdorced polycaprolactone scaffolds for
bone tissue engineering, Biomaterials 29(27) (2@88R-3670.

[12] V. Mittal, T. Akhtar, G. Luckachan, N. Matsk®LA, TPS and PCL binary and
ternary blends: structural characterization andetdependent morphological changes,
Colloid. Polym. Sci. 293(2) (2015) 573-585.

[13] L. Peponi, I. Navarro-Baena, A. Sonseca, En@&iez, A. Marcos-Fernandez, J.M.
Kenny, Synthesis and characterization of PCL-PLIloAyprethane with shape memory
behavior, Eur. Polym. J. 49(4) (2013) 893-903.

[14] Y. Shen, W. Sun, K.J. Zhu, Z. Shen, Regulatadnbiodegradability and drug
release behavior of aliphatic polyesters by blegdih Biomed. Mater. Res. 50(4)
(2000) 528-535.

[15] M.P. Arrieta, V. Sessini, L. Peponi, Biodegaste poly(ester-urethane)
incorporated with catechin with shape memory antiomwlant activity for food
packaging, Eur. Polym. J. 94(Supplement C) (2017) 124.

31



[16] D. Wu, Y. Zhang, M. Zhang, W. Zhou, Phase b#traand its viscoelastic
response of polylactide/polg-Caprolactone) blend, Eur. Polym. J. 44(7) (200Bj12
2183.

[17] 1. Navarro-Baena, V. Sessini, F. Dominici, Torre, J.M. Kenny, L. Peponi,
Design of biodegradable blends based on PLA and F&im morphological, thermal
and mechanical studies to shape memory behavitymP®egrad. Stab. 132 (2016)
97-108.

[18] A.S. Olalla, V. Sessini, E.G. Torres, L. Pepdbhapter 9 - Smart Nanocellulose
Composites With Shape-Memory Behavior, MultifunoibPolymeric Nanocomposites
Based on Cellulosic Reinforcements, William Andifeublishing 2016, pp. 277-312.
[19] V. Sessini, J.M. Raquez, G. Lo Re, R. MincheyaM. Kenny, P. Dubois, L.
Peponi, Multiresponsive Shape Memory Blends andodamposites Based on Starch,
ACS Appl. Mater. Interfaces 8(30) (2016) 19197-1B20

[20] V. Sessini, M.P. Arrieta, A. Fernandez-Torrés, Peponi, Humidity-activated
shape memory effect on plasticized starch-basedhdtirials, Carbohydr. Polym.
179(Supplement C) (2018) 93-99.

[21] A. Lendlein, Shape-memory polymers, Springet@

[22] L. Peponi, I. Navarro-Baena, J.M. Kenny, Shapemory polymers: Properties,
synthesis and applications, Smart Polymers and Apglications 2014, pp. 204-236.
[23] H.Q. Dong, L.J. Liu, Y.Y. Li, Shape-memory laetor of poly (L-lactide)/poly -
caprolactone) blends, Advanced Materials Resedndns Tech Publ, 2011, pp. 171-
174.

[24] L. Peponi, D. Puglia, L. Torre, L. Valentini.M. Kenny, Processing of
nanostructured polymers and advanced polymericdbaaeocomposites, Mater. Sci.
Eng., R 85 (2014) 1-46.

[25] L. Peponi, L. Valentini, L. Torre, I. MondragpJ.M. Kenny, Surfactant assisted
selective confinement of carbon nanotubes funchpeg with octadecylamine in a poly
(styrene-b-isoprene-b-styrene) block copolymer matCarbon 47(10) (2009) 2474-
2480.

[26] I. Navarro-Baena, J.M. Kenny, L. Peponi, Thalipractivated shape memory
behaviour of bionanocomposites reinforced withudele nanocrystals, Cellulose 21(6)
(2014) 4231-4246.

32



[27] F.K. Molavi, I. Ghasemi, M. Messori, M. Esfagtd Nanocomposites based on poly
(I-lactide)/poly g-caprolactone) blends with triple-shape memory beina Effect of
the incorporation of graphene nanoplatelets (GNpenpos. Sci. Technol. 151 (2017)
219-227.

[28] J. Venkatesan, S.K. Kim, Nano-hydroxyapatitenposite biomaterials for bone
tissue engineering - A review, J. Biomed. Nanotetht0(10) (2014) 3124-3140.

[29] A. Sonseca, L. Peponi, O. Sahuquillo, J.M. KerE. Giménez, Electrospinning of
biodegradable polylactide/hydroxyapatite nanofibe&udy on the morphology,
crystallinity structure and thermal stability, Paly Degrad. Stab. 97(10) (2012) 2052-
2059.

[30] J. Kaur, M.L. Shofner, Surface Area Effects idydroxyapatite/Polyf
caprolactone) Nanocomposites, Macromol. Chem. Py&8) (2009) 677-688.

[31] I. Navarro-Baena, M.P. Arrieta, A. Sonsecajbrre, D. Lopez, E. Giménez, J.M.
Kenny, L. Peponi, Biodegradable nanocomposites doase poly(ester-urethane) and
nanosized hydroxyapatite: Plastificant and reirdarent effects, Polym. Degrad. Stab.
121 (2015) 171-179.

[32] V. Sessini, Raquez, J.M., Lourdin, D., MaigrétE., Kenny, J.M., Dubois, P.,
Peponi, L., Humidity-activated Shape Memory Effeats Thermoplastic Starch/EVA
Blends and Their Compatibilized Nanocomposites, fdiaol. Chem. Phys. 218 (24)
(2017) 1700388.

[33] L. Peponi, I. Navarro-Baena, J.E. Baez, J.Mnily, A. Marcos-Fernandez, Effect
of the molecular weight on the crystallinity of POLPLLA di-block copolymers,
Polymer 53(21) (2012) 4561-4568.

[34] B. ISO, 37: 2011 Rubber, vulcanized or thertasfic—Determination of tensile
stress-strain properties, British Standards Irtsiu(BS1), London (2011).

[35] UNE-EN-ISO., 20200. Determination of the degref disintegration of plastic
materials under simulated composting conditiors laboratory-scale test, 2016.

[36] M.P. Arrieta, E. Fortunati, F. Dominici, J. péz, J.M. Kenny, Bionanocomposite
films based on plasticized PLA-PHB/cellulose nagsial blends, Carbohydr. Polym.
121 (2015) 265-275.

[37] K. Kesenci, L. Fambri, C. Migliaresi, E. PiskiPreparation and properties of
poly(L-lactide)/hydroxyapatite composites, J. BidaraSci., Polym. Ed. 11(6) (2000)
617-632.

33



[38] L.H. Leung, H.E. Naguib, Viscoelastic propesi of poly§-caprolactone) -
hydroxyapatite micro- and nano-composites, Polymv.ATechnol. 24(2) (2013) 144-
150.

[39] A. Rezaei, M. Mohammadi, In vitro study of hgeyapatite/polycaprolactone
(HA/PCL) nanocomposite synthesized by an in situ-ga process, Materials Science
and Engineering: C 33(1) (2013) 390-396.

[40] X. Li, S. Zhang, X. Zhang, S. Xie, G. Zhao, EZhang, Biocompatibility and
physicochemical characteristics of poly €-daprolactone)/poly  (lactide-co-
glycolide)/nano-hydroxyapatite composite scaffolftyr bone tissue engineering,
Materials & Design 114 (2017) 149-160.

[41] M. Sadat-Shojai, M.-T. Khorasani, E. Dinpartgheshdargi, A. Jamshidi,
Synthesis methods for nanosized hydroxyapatite wdilierse structures, Acta
biomaterialia 9(8) (2013) 7591-7621.

[42] N. L6pez-Rodriguez, A. Lépez-Arraiza, E. Maaur).R. Sarasua, Crystallization,
morphology, and mechanical behavior of polylacpoé/(e-caprolactone) blends,
Polym. Eng. Sci. 46(9) (2006) 1299-1308.

[43] J. Odent, P. Leclere, J.-M. Raquez, P. Dub®msghening of polylactide by
tailoring phase-morphology with P [CL-co-LA] randatopolyesters as biodegradable
impact modifiers, Eur. Polym. J. 49(4) (2013) 91229

[44] L. Peponi, A. Tercjak, J. Gutierrez, M. Carinl. Mondragon, L. Valentini, J.M.
Kenny, Mapping of carbon nanotubes in the polystgrdomains of a polystyrene-b-
polyisoprene-b-polystyrene block copolymer matrixsing electrostatic force
microscopy, Carbon 48(9) (2010) 2590-2595.

[45] L. Peponi, A. Tercjak, L. Torre, J.M. Kenny, Mondragon, Morphological
analysis of self-assembled SIS block copolymer icedr containing silver
nanoparticles, Compos. Sci. Technol. 68(7) (20@63)111636.

[46] A. Tercjak, J. Gutierrez, C. Ocando, L. PepdnMondragon, Thermoresponsive
inorganic/organic hybrids based on conductive Ti@a2oparticles embedded in poly
(styrene-b-ethylene oxide) block copolymer disperdéiquid crystals, Acta Mater.
57(15) (2009) 4624-4631.

[47] M.P. Arrieta, J. LOopez, E. Raydn, A. JiménBisintegrability under composting
conditions of plasticized PLA—PHB blends, Polymgbsel. Stab. 108 (2014) 307-318.

34



[48] M.P. Arrieta, E. Fortunati, F. Dominici, E. R, J. Lopez, J.M. Kenny, PLA-
PHBI/cellulose based films: Mechanical, barrier ahsintegration properties, Polym.
Degrad. Stab. 107 (2014) 139-149.

[49] M.P. Arrieta, J. LOpez, D. Lopez, J.M. Kenny, Peponi, Effect of chitosan and
catechin addition on the structural, thermal, mada and disintegration properties of
plasticized electrospun PLA-PHB biocomposites, Rolpegrad. Stab. 132 (2016) 145-
156.

400.0 nm

M70PLA 4008

M70PLA3HA

-
Nanocomposite

PLA-PCL Blend

o
(<)

0.0 Height 10.0 ym Height 10.0 ym

&= HAPE MEMORY

M70PLA E
BIODEGRADATION

M70PLA3HA .

Compostlng time (Days)

35



Highlights

- Processing of biodegradable PLA/PCL blend
- PLA/PCL blend reinforced with nano hydroxyapatite

- Thermally-activated shape memory
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