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Abstract. In this study, the effect of graphene nanoplatelets (GNPs) on the shape memory properties of poly(L-lactic acid)
(PLLA) was studied. In addition to thermal activation, the possibility of infrared actuating of thermo-responsive shape mem-
ory PLLA/GNPs nanocomposite was investigated. The incorporated GNPs were expected to absorb infrared wave’s energy
and activate shape memory PLLA/GNPs. Different techniques such as differential scanning calorimetry (DSC), wide-angle
X-ray diffraction (WAXD), field emission gun scanning electron microscope (FEG-SEM) and dynamic mechanical thermal
analysis (DMTA) were used to characterize samples. DSC and WAXD results indicated that GNPs augmented crystallinity
due to nucleating effect of graphene particles. GNPs improved both thermal and infrared activating shape memory properties
along with faster response. Pure shape memory PLLA was slightly responsive to infrared light and its infrared actuated shape
recovery ratio was 86% which increased to more than 95% with loading of GNPs. Drastic improvement in the crystallinity
was obtained in nanocomposites with lower GNPs contents (0.5 and 1 wt%) due to finer dispersion of graphene which
resulted in more prominent mechanical and shape memory properties enhancement. Infrared activated shape memory

PLLA/GNPs nanocomposites can be developed for wireless remote shape control of smart medical and bio-systems.

Keywords: smart polymers, infrared triggering, nanocomposites, poly(L-lactic acid), graphene

1. Introduction

Shape memory polymers (SMPs) are a class of
smart materials which can recover their primary
shape after being deformed to temporary shape [1].
Nowadays these polymers have attracted tremen-
dous attention owing to wide potential applications
being expected for these materials in different
industries. Smart textiles [2, 3], intelligent medical
devices [4, 5] and heat shrinkable films [6] are only
some current usages of these polymers. Many sci-
entific studies on this materials are being done and
several articles and reviews have been published on
this area [1, 7-11]. The stimuli used for activation
of SMPs are basically classified into three types;
heat (thermo-responsive), light (photo-responsive)
and chemical (chemo-responsive) [12]. Thermo-
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and chemo-responsive shape memory effects (SME)
are intrinsic feature of most polymers and are not
special characteristic of some special polymers [12].
Thermo-responsive SME is the most popular case
and includes both heating and cooling [13]. Heating
can be applied directly or non-directly. Stimuli such
as electrical resistive heating [14], magnetic field
[15], infrared and UV heating light [16, 17] are exam-
ples of non-direct heating. Although there are vari-
ous actuation methods for activating SMPs, but most
of shape memory polymers are only able to be actu-
ated through direct heating [18] and triggering with
other stimulus is more complex. Nevertheless, many
new actuation methods enable remote controlling of
SMPs which expand their application in the areas
that were impossible for traditionally thermally
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responsive SMPs. Therefore, SMPs being respon-
sive to other types of stimuli have been gaining
increasing interest over the recent years. SMPs
based on biopolymers are in spotlight more than the
other polymers due to their potential usage in phar-
maceutical and medical devices such as surgical
sutures, vascular stents, shaping tissue and con-
trolled drug delivery systems [19-23]. Among them
poly(lactic acid) (PLA) is one of the most promis-
ing biopolymers derived from 100% renewable
resources such as corn, tapioca roots and sugarcane
which can be readily degraded to lactic acid through
hydrolysis [24]. Therefore, it has more extensive
application in the medical industry compared to
other bio-polymers [25]. Due to its bio properties and
intrinsic shape memory abilities, this polymer has
attracted interests of researchers and industries in this
field and its shape memory properties have been stud-
ied by some researchers until now [23, 24, 26-32]
However, most of mentioned studies have focused
on thermal actuation and researches on multi-stim-
uli poly(lactic acid) shape memory are still lacking.
Paakinahoet and coworkers [18, 33] reported water
induced poly(D,L-lactide) shape memory polymer
which is able to recover its shape at the aqueous
environment at body temperature. Zhang et al. [22],
and Zheng et al. [34] produced PLLA-Fe;04 shape
memory composite with thermal and magnetic field
responsiveness.

Actuation by stimuli other than heat needs special
functionalities in the polymer which are acquired
through different ways. One of the facile and effec-
tive routes is the incorporation of special fillers into
polymeric systems. Among the fillers, graphene is
one of the most important carbonaceous fillers which
has a range of extraordinary mechanical, thermal
and electrical properties [35, 36] attracted a lot of
attention in the polymeric systems. Introduction of
graphene into polymers confers novel properties to
shape memory composites including quicker response
to thermal activation and the capability of respond-
ing to other stimuli such as infrared (IR) light, elec-
tricity, magnetic and others. These unique proper-
ties of graphene have been used to produce differ-
ent multi-stimuli responsive SMPs. Infrared light
actuated SMPs are a class of these materials and
some studies have been done in this regard [17, 37,
38]. Kashif et al. [37] have produced shape memory
polyolefin elastomer/modified graphene nanocom-
posites responding to infrared light with healing

properties. Feng et al. [38] have prepared IR actuated
shape memory polyurethane with the aid of reduced
graphene oxide and carbon nanotube hybrids. Park
and Kim [17] have studied on the semi-crystalline
polyurethane/graphene shape memory nanocom-
posite system responding to infrared light. Tang e?
al. [39] have added graphene to polyester/carbon
nanofibers composite to improve its capability in
responding to various stimuli. However, literature
reporting on the graphene based biodegradable
SMPs respondent to infrared light is still limited.
Herein, we reported one type of graphene-containing
shape memory PLLA which is capable of responding
to direct thermal heating and infrared light. The
effect of graphene on crystallinity and its correlation
with shape memory and thermomechanical proper-
ties are studied. To the best of our knowledge,
although some studies have been done on the PLLA/
graphene system [40—44] until now, but this system
is not already reported and described in the literature
in terms of shape memory behavior. On the other
hand, the infrared triggering of shape memory PLLA
has not been investigated so far and our experimen-
tal evidence regarding infrared sensitivity of PLLA/
graphene composites can be helpful for designing
remote controlling shape memory devices.

2. Experimental

2.1. Materials

Poly(L-lactic acid) PLLA 3251D (1.4 mol% D-lac-
tic acid, 98.6 mol% L-lactic acid content, average
molecular weight of 90~120 kg/mol) was obtained
from Natureworks (USA). Graphene nanoplatelets
GNPs (grade C-750, the average thickness of 1-5 nm,
length of less than 2 pm and superficial area 750 m?/g)
were purchased from XG Sciences (Lansing, USA).
Chloroform was supplied by Sigma-Aldrich.

2.2. Sample preparation

At first, PLLA and GNPs were dried in a vacuum
oven at 80°C for 12 h to remove moisture com-
pletely. PLLA/GNPs nanocomposite samples were
prepared by solution casting at 0.5, 1,2, 4 and 6 wt%
loading of GNPs. Desired amounts of the dried GNPs
were added to chloroform (75 mL) and stirred at
room temperature for 1 day with a magnetic stirrer,
then 75 mL of PLLA solution (200 mg/mL) was
added to the suspension, after that, it was put in the
ultrasonic bath (Elma T460) for 15 minutes, at last,
final products were poured into Petri dish and left for
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1 day at room temperature to allow chloroform evap-
oration following by drying in vacuum oven at
60°C for 24 h for complete evaporation of solvent.
After drying, the films were pressed in an electrically-
heated hydraulic press at 210°C under 1000 kPa
pressure for 3 min after 5 min preheating and then
quickly cooled to room temperature by circulating
cold water. The samples were denoted according to
GNPs [wt%] loadings as PLLA-GNPO0.5, PLLA-
GNP1, PLLA-GNP2, PLLA-GNP4 and PLLA-
GNP6 with 0.5, 1, 2, 4 and 6 wt% of GNPs, respec-
tively.

2.3. Characterization

2.3.1. Morphology

Fractured surfaces of the PLLA/GNPs nanocom-
posites were observed using a high-resolution field
emission gun SEM microscope (FEG-SEM, Nova
NanoSEM 450, FEI of USA). The samples were
fractured in liquid nitrogen prior to FEG-SEM
imaging.

2.3.2. DSC and WAXD

To study thermal properties of specimens and effect
of graphene on these properties, differential scanning
calorimetry (DSC) (TA Instruments DSC 2010, New
Castle, DE, USA) analysis was carried out at nitro-
gen atmosphere. Thermal history of specimens was
erased through a first heating scan from 0 to 250 °C
at a heating rate of 10°C/min, then cooled to the
room temperature at a cooling rate of 10°C/min,
followed by a third scan at the same heating rate to
250°C. The mid-point of the start and end of the tran-
sition in DSC curves was taken as the 725 value.
The glass transition temperature (725°), cold crys-
tallization temperature (7,.), cold crystallization
enthalpy (AH,.), melting temperature (7,,) and melt-
ing enthalpy (AH,,) were determined from the second
heating curve. The degree of crystallization (y.) was
obtained using the following Equation (1):

_ AH,, — AI_Icc

AHp(1 = ¢)
where AH and AH, are the melting enthalpy and the
cold crystallization enthalpy of test sample respec-
tively, AHQ is the melting enthalpy of the 100% crys-
talline PLLA (93.0 J/g [45]) and ¢ is the weight
percentage of filler.

For a better analysis of crystallinity, wide angle X-
ray diffraction (WAXD) test was done on samples

Xc[o/o] -100 (1)

351

using Panalytical X' Pert Pro instrument. Test scan-
ning rate was 5°/min at 40 kV and 100 mA with Cu-
Kal irradiation (A = 1.54 A) in the range of 10~60°.

2.3.3. Shape memory performance

Shape memory performances of samples were inves-
tigated by two actuation methods, direct heating, and
infrared light. Programming of temporary shape in
direct heating actuation was carried out through a
four-stage thermo-mechanical cycle by means of a
dynamic mechanical thermal analysis instrument
(DMA Q800, TA Instruments, New Castle, DE, USA).
Rectangular strips of samples were programmed
under fixed-strain condition according to later steps:
(1) deforming the specimen at 7y = 75°C under a
loading ramp at 10 MPa-min~! up to 100% strain,
(2) cooling the specimen to 7p = 0°C instantly by
keeping the attained strain constant, (3) maintaining
the sample at 71, for 30 min after removal the load,
and (4) raising the temperature from 7 to Ty then
maintaining at the latter for 30 min. Under these con-
ditions, shape fixity rate (Ry) and shape recovery rate
(R;) are defined according to following Equations (2)
and (3) [46]:

£y(N)
Rf(N) = 87 *100% (2)
_ Em sp(N) L
R(V) = Y 100% 3)

where &,(N) is the tensile strain after unloading at
Ty in the N cycle (N), &y, is maximum strain. ep(N)
and &,(N — 1) are the unrecovered strains after heat-
ing the sample to Ty in the M cycle and previous
one, respectively.

Bending test [47, 48] was utilized to study the feasi-
bility of IR actuation of SMP composites. Rectangu-
lar strips of PLLA/GNPs nanocomposites (60 mmx
5 mmx1 mm) were deformed into U-like shape at
75 °C followed by rapid cooling with liquid nitrogen
to fix deformation. An infrared (IR) lamp (Philips,
150 W) was used as the IR activation light source.
The distance between lamp and specimen was
25 cm. The power density to samples was around
20 mW/cm? measured by a light density meter. The
recovery ratio (R;) was calculated according to Equa-
tion (4), in which @ is the returned angle of the strip
from temporary U-like shape to the original one. In
all cases, more than three samples were tested, from
which the mean and standard deviation were calcu-
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lated. An infrared video camera (InfRec Thermo
GEAR, G120) was used in our study to monitor the
temperature distribution and shape recovery behav-
ior simultaneously (Equations (4)):

0

R =
To180°

1100% (0° <0 < 180°) (4)

2.3.4. Dynamic mechanical thermal analysis
(DMTA)

Thermomechanical properties of the samples were
measured by means of DMA Q800 (TA Instruments,
New Castle, DE, USA) using rectangular strips (over-
all length: 25 mm; length between grips: 8 mm;
width: about 5 mm, thickness: 1 mm) operating in the
tensile mode at an oscillation frequency of 1 Hz
with a static force of 10 mN and a oscillation strain
of 0.05%. The samples were measured over a tem-
perature range from room temperature to 160°C at
a heating rate of 5 °C/min.

3. Results and discussion

3.1. Microstructure

Figure 1 shows the FEG-SEM micrographs of frac-
tured surface of PLLA/graphene with 1 and 4 wt%
of GNPs at the magnification of 12000x. As can be
seen, graphene nanoplatelets exhibited fine disper-
sion and uniform distribution in the matrix with a
little aggregation in the latter sample (squares in
Figure 1b) due to higher filler content. Therefore, it
seems that better thermal and mechanical properties
can be attained in nanocomposites with lower GNPs
content. The homogenous distribution of graphene
in the matrix is associated to the relatively good inter-
action of PLLA and GNPs resulting in uniform

infrared absorption in the shape memory test which
is investigated further.

3.2. Thermal and crystallinity analysis

Glass transition temperature (7;) and crystallinity sta-
tus are two important factors in 7, based semi-crys-
talline SMPs which are considered as the switching
temperature and fixed phase of SMPs, respectively.
So it is important to investigate the effect of graphene
on the 7, and crystallinity of PLLA prior to shape
memory studying. Figure 2 depicts cooling thermo-
grams and 2™ heating thermograms of DSC scans
and the detailed data derived from them are summa-
rized in Table 1. As can be seen, 7T, values of
PLLA/ GNPs composites are slightly increased
with addition of GNPs compared to pure PLLA.
This may be attributed to chain mobility restriction
caused by GNPs particles resulting in higher T,
temperatures. However, owing to small shifting in
glass transition temperature, the switching tempera-
ture of all samples in shape memory tests can be
considered identical. The peaks specified in the
cooling thermograms are related to the crystalliza-
tion temperature (7;) of specimens. As can be seen,
at low graphene loading (0.5 and 1 wt%) nanocom-
posites, the 7. peak intensified drastically and
shifted to higher temperatures compared to pure
PLLA. This means that the incorporation of
graphene into PLLA at low contents favored the
formation of crystalline domains and enhanced
crystallinity percentage (%X.) which are presented
in Table 1. Undoubtedly, this significant rise of
crystallinity is associated to the nucleating effect of
graphene which enhances the crystallization kinetic
of PLLA and leads to the formation of more crys-

Figure 1. FEG-SEM images of (a) PLLA-GNP1 nanocomposite and (b) PLLA-GNP4 nanocomposite
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Figure 2. (a) cooling thermograms and (b) 2" heating thermograms of pure PLLA and its nanocomposites with various

loading of GNPs

Table 1. Thermal properties of PLLA and its composites derived from DSC analysis

DSC Data

Sample %GNPs | TPSC Te Tt T2 T. AH, AH,, %Xe
Pure PLLA 0 59.9 984 150.9 168.6 96.0 412 493 8.7
PLLA-GNP0.5 05 613 9.2 149.6 169.2 972 134 475 36.8
PLLA-GNPI I 61.0 929 150.1 1693 99.2 6.9 447 41l
PLLA-GNP2 2 60.1 11222 162.8 1703 959 320 405 94
PLLA-GNP4 4 60.5 110.0 - 170.1 953 323 393 78
PLLA-GNP6 6 60.0 104.5 - 169.2 978 32.1 398 8.8

tals. However, over 1 wt% graphene loading, 7; peaks
shift back to lower temperatures and their intensity
are decreased drastically. Meanwhile, their crys-
tallinity percentage (%X.) are reduced to as low as
pure PLLA in these samples. This is because, with
the rise of graphene percentage, particles would be
tending to aggregate as already illustrated in Figure 1.
Therefore, although they act as the nucleating agent,
but they would hinder chain mobility and depress
the crystallinity at the same time. Following the
changes in the crystallinity, addition of GNPs caused
in shifting of cold crystallization temperature (7¢.)
(Figure 2b) to lower temperatures at low graphene
loadings (0.5 and 1 wt%) from 98.4 to 92.9°C and
shifting back to higher values as GNPs composition
rises to 2 and higher wt% of GNPs . Therefore, few
amounts of GNPs are seemed suitable for enhance-
ment of crystallinity through providing nucleation
sites.

Double melting point which is ascribed to melt-
recrystallization mechanism or crystals with differ-
ent structures or different degree of perfections [49]
is observed in pure PLLA and nanocomposites. The
sharp peak of 71, in the pure PLLA may be related
to melt re-crystallization of less perfect crystals
formed during cold crystallization. However, pres-
ence of GNPs caused to decrease of this peak in the
PLLA-GNPO.5 and PLLA-GNP1 due to their nucle-

ating effect that leaded to faster crystallinity kinetics
with the formation of more perfect crystals directly
in the cooling process. As already mentioned, with
increase of GNPs to more than 1 wt%, crystallinity
percentage showed decreasing trend and melting
peaks merged together and 7;,,; appeared as a step in
main melting peak of PLLA-GNP2 and disappeared
in the PLLA-GNP4 and PLLA-GNP6.

The disappearance of 7y, peak in the latter compos-
ites may correspond to their higher 7. compared to
pure PLLA which would result in the formation of
more stable and perfect crystals during cold crystal-
lization process due to enhancement of segment
mobility at higher 7t temperatures.

To gain more insight into crystallinity and effect of
GNPs, WAXD analysis was carried out. Figure 3
exhibits the WAXD patterns of GNPs, pure PLLA,
and its nanocomposites. The peak at 26 = 26.5° in
GNPs is associated to the (002) diffraction peak of
pristine graphene nanosheets. The GNPs peak is not
observed in the composites containing of 0.5 and
1 wt% of graphene indicating a good exfoliation that
was confirmed by FEG-SEM images (Figure la for
PLLA-GNP1), however this peak appeared slightly
(shown by arrow in Figure 3) beyond 2 wt% of GNPs
loading (PLLA-GNP4 and PLLA-GNP6) which is
related to the agglomerates that are not completely
separated (as specified in Figure 1b for PLLA-
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Intensity [counts]

I
10 12 14 16 18 20 22 24 26 28 30 32
26[7)

Figure 3. WAXD patterns of (a) pure PLLA, (b) PLLA-
GNPO0.5, (c¢) PLLA-GNPI1, (d) PLLA-GNP2,
(e) PLLA-GNP4, (f) PLLA-GNP6 and (g) GNPs

GNP4). The peaks around 26 = 16.7 and 19° are
ascribed to a crystals of PLLA [28]. These peaks are
observed in all of nanocomposites suggesting the
crystalline structure of PLLA is not changed with
the incorporation of GNPs. The intensity of peaks
increased enormously at low graphene loading (0.5
and 1 wt%). However, marginal changes are seen over
2 wt% GNPs fraction. These observations are in line
with the DSC results and correspond to higher crys-
tallinity percentage at lower GNPs content due to bet-
ter dispersion and nucleating of graphene particles.

3.3. Thermo-mechanical analysis

Storage modulus (£') and damping factor (tand)
diagrams of pure PLLA and its nanocomposites are
shown in Figure 4. As expected, storage modulus of
nanocomposites is enhanced below 7, compared to
that of pure PLLA due to the reinforcing effect of
GNPs particles. Moreover, as already has reported
[50], in the nano-sized polymer composites, the size
of fillers is similar to the size of polymer segments,

3500

_ - Pure PLLA
o —— PLLA-GNPO,5
3000 Eirsiies -~ PLLA-GNP1
—— PLLA-GNP2
5 — PLLA-GNP4
% 2500 —— PLLA-GNP8&
= 2000
=
£
o 1500
o
i
o
& 1000
500
25 45 65 85 105 125
a) Temperature [*C]

so the thermomechanical behavior of polymer seg-
ments is more affected by the fillers which is consid-
ered as the friction interactions resulting to improved
mechanical properties. However, the increasing is not
in a monotonic trend and starts dropping beyond
4 wt%. This may be corresponding to the aggre-
gates at the higher GNPs fractions (Figure 1b) low-
ering stiffening effect of graphene and leading to
decrease of storage modulus. Meanwhile, as reported
by Zhenge et al. [32], higher glassy modulus will
result in larger shape fixity in the cooling cycle and
larger shape recovery in the heating process which
is further corroborated by the shape memory results.
The peaks of tand curves are related to the glass
transition temperatures (72M™) of the samples. The
TPMTA of pure PLLA is ~80°C and the addition of
GNPs is caused to increase of TPMT™ due to the
restriction effect of GNPs on the chain mobility of
PLLA. The T, obtained through DMTA is higher than
the T, acquired by DSC results. This is related to the
difference of 7, definition in two techniques and
also the heat transport hysteresis for larger scale
samples in DMTA, while the DSC transition being
measured is in smaller scale segmental mobility,
which occurs at lower temperatures [51, 52]. In
addition, the peak height of tano decreases in the
nanocomposites compared to pure PLLA due to
decreasing in the energy dissipation as a result of
elastic GNPs presence.

3.4. Shape memory properties

3.4.1. Thermal-activation

The typical cyclic shape memory test for pure PLLA
and PLLA-GNP1 are plotted in Figure 5 which
shows temperature and strain as a function of time.

- Pure PLLA
20 { ok —— PLLA-GNPO,5
; - PLLA-GNP1
—— PLLA-GNP2
—= PLLA-GNP4
—— PLLA-GNP6&
1.5
o
E 1.0

0.5

00 . 42
25 45 65 85 105 125

b) Temperature [°C]

Figure 4. Temperature dependence of (a) storage modulus (£") and (b) loss factor (tan d) of pure PLLA and its nanocompos-

ites with GNPs
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Figure 5. Shape memory cycle of (a) pure PLLA and (b) PLLA-GNP1 utilized with DMA instrument

Detailed shape memory parameters including shape
fixity (Ry¢), shape recovery (R;) and stress at maxi-
mum deformation derived from the plots are pre-
sented in Table 2. As can be observed, Rf and R, of
pure PLLA at the first cycle are 98.3 and 85%
respectively. The shape memory effect of PLLA is

Table 2. Shape memory properties of pure PLLA and its
composites with GNPs actuated by thermal heating
at 100% deformation strain

" - o Stress at max.
szoc.le 8‘["(,2’]) R'[S,I/:’; R'ff;:)] deformation strain
[MPa]
Pure PLLA
1 14 85+3 98.3 1.0
2 25 80+2 98.2 0.8
3 34 71+1 98.0 0.7
PLLA-GNPO0.5
1 8 91+3 99.2 1.6
2 19 84+2 99.1 1.5
3 30 761 98.6 1.3
PLLA-GNP1
2 97+2 99.1 1.7
2 11 89+3 99.0 1.6
3 21 8442 99.0 1.5
PLLA-GNP2
1 9 90+3 99.3 1.7
2 20 8442 99.2 1.4
3 29 78+2 99.1 1.3
PLLA-GNP4
1 9.1 90+2 99.4 1.7
2 21.1 83+3 99.2 1.3
3 31.0 76+3 99.1 1.2
PLLA-GNP6
1 11.3 8842 99.4 1.6
2 234 812 99.1 1.3
3 32.6 74+3 99.0 1.1

"g,(N) is the unrecovered strain at the N cycle after heating the
sample to Ty temperature

**Ri(N) is the shape recovery rate at the Ny, cycle

"Ri(N) is the shape fixity rate at the N cycle

associated to the crystalline and amorphous phase
of PLLA acting as fixed and reversible phase respec-
tively [24, 53]. The stress at maximum deformation
is higher for nanocomposites compared to pure PLLA
due to the enhancing effect of GNPs in the mechan-
ical properties of nanocomposites already men-
tioned. Figure 6 shows the shape recovery and shape
fixity of samples as a function of graphene content.
By incorporating of graphene into PLLA, its shape
memory properties increases and reaches to opti-
mum at the PLLA-GNP1 then starts reduction at the
higher contents of graphene. However, nearly all
nanocomposites exhibited higher shape fixity and
shape recovery compared to pure PLLA. This may be
attributed to the enhancement of crystallinity and
thermomechanical properties of nanocomposites
resulting in more stable fixing phase leading to bet-
ter fixation and recovery. Meanwhile, graphene
improves heat conductivity which results in more
efficient heat transfer during cooling and heating
processes leading to faster response with less dissi-
pation of energy and higher values of shape fixity
and shape recovery in the nanocomposites.

As it is well known [21] the crystalline part of PLLA
polymer has more effect on shape memory proper-
ties than the amorphous phase, so decreasing trend
of shape memory parameters for composites beyond
1 wt% graphene can be attributed to the occurrence
of aggregates (Figure 1b) and crystallinity reduc-
tion leading to weakening of fixed phase and lower-
ing shape memory performance. With increasing
cycle number in the shape memory test, R, shows
decreasing trend due to irreversible processes such
as slippage of crystalline domains, plastic deforma-
tion of PLLA chains, breaking down of some phys-
ical linkage and other factors which cannot be
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Figure 6. (a) Recovery ratio and (b) fixity ratio relationship versus %GNPs of thermo-activated PLLA nanocomposites;

N indicates cycle number

recovered during recovery process and result in
decreasing R;. The reduction of R¢ may also be cor-
related to the deformation and displacement of crys-
talline phase which acts as the fixing part.

3.4.2. Infrared activation

Figure 7 illustrates the thermo-camera images of a
free recovery process in the pure PLLA, PLLA-
GNP1 and PLLA-GNP6 composites actuated by
infrared radiation. The infrared absorption of pure
PLLA was low as did not start recovering after 25 s.
Graphene enhanced IR absorption of PLLA remark-
ably which resulted in faster and higher recovery of
original shape. The recovering is through trans-

t=10s |

A: Pure PLLA,

B: PLLA/GNP1,

forming infrared light into heat and increasing tem-
perature to switching temperature. As can be seen,
at = 20s, pure PLLA did not start recovering but
PLLA-GNPI1 and PLLA-GNP6 recovered around
50 and 90% respectively. The PLLA-GNPs speci-
mens with higher GNPs loadings exhibited faster
recovery with lower induction time. This is because
more infrared energy is absorbed and transformed
into thermal energy within the same radiation time.
However, equilibrium recovery which is presented
in Table 3 had optimum and reached to maximum
(99%) in PLLA-GNP1. This shows that shape recov-
ery of polymers with 7, based switching tempera-
ture is accompanied by softening of the glassy

C: PLLA/GNPG

Figure 7. Temperature distribution snapshots of pure PLLA and its nanocomposites during infrared actuation recovery
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Table 3. Start time of recovery, equilibrium R, and max. surface temperature at equilibrium recovery of PLLA/GNPs com-

posites activated by IR
PLLA PLLA-GNP0.5 |PLLA-GNP1|PLLA-GNP2 | PLLA-GNP4 | PLLA-GNP6
Start time [s] 154 23 16 14 11 8
Equilibrium R, [%] 86 98 99 98 94 95
l\/rl::(.) szrr;ace temperature at equilibrium 79 36 90 96 103 110

amorphous phase to the rubbery state. This phe-
nomenon is done through energy absorption and
chain motion due to entropic elasticity. Although
higher GNPs loading helps more energy absorption,
but at the same time, it can disturb chain recovery.
This should depress shape recovery at graphene
loading of higher 2 wt%. The pure PLLA reaches to
equilibrium recovery of 86% after 5 min, indicating
low infrared absorbability of this polymer.

The maximum surface temperature of samples due to
exerting infrared light is shown in Figure 7 and writ-
ten in Table 3. PLLA may crystallize upon heating
over 95°C during infrared heating which would
worse its SME remarkably. Therefore, over heating
by infrared would be a big concern in the cyclic acti-
vation test. To overcome this problem, the light inten-
sity should be adjusted in such a way that leads to not
more than 90~95 °C surface temperature increment.

4. Conclusions

In summary, using GNPs in shape memory PLLA
enables infrared triggering of shape memory PLLA
which is very intriguing in novel applications due to
remote control ability of this biodegradable SMP.
The effect of GNPs on morphology, crystallinity
and thermomechanical properties of PLLA and their
correlation to shape memory performance were
studied. GNPs had a fine and uniform dispersion in
the PLLA matrix at low fractions of GNPs which was
resulted in remarkable enhancement of PLLA crys-
tallinity due to nucleating effect of GNPs that was
also confirmed by WAXD results. At higher GNPs
loading (beyond 2 wt%), the particles started aggre-
gating which was proved by FEG-SEM images and
resulted in crystallinity reduction. Thermo-mechan-
ical properties of PLLA were improved by GNPs
addition and were leaded to the enhancement of
shape memory performance. Recovery ratio of pure
PLLA by infrared triggering was only 86% which
reached to more than 95% in all of the nanocompos-
ites. Meanwhile, improved mechanical properties
of nanocomposites resulted in higher stress defor-
mation of SMPs that is a positive point in SMPs.

Finally, compared to pure PLLA, PLLA-graphene
nanocomposites showed higher shape memory recov-
ery, stronger recovery stress and quicker response
to the stimulus in both activating method.
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