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Herein, we fabricate an elastomeric nanocomposite using castor oil-based hyperbranched polyurethane
(HPU) and iron oxide nanoparticles decorated reduced graphene oxide (IO-RGO) nanohybrid by an
in situ polymerization technique. The designed nanocomposite not only exhibits good thermal properties
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but also possesses excellent mechanical properties such as tensile strength (24.15 MPa), tensile modulus
(28.55 MPa) and toughness (110.8 MJ m™). In addition, the nanocomposite demonstrates rapid and repea-
table self-healing abilities under exposure of 20-30 s microwave power input (180-360 W) and by direct
sunlight exposure (10° lux) for 5-7.5 min. It also demonstrates excellent shape-recovery ability under

microwave power (30-60 s) as well as in direct sunlight (1-2.5 min). Thus, the studied tough polymeric
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Introduction

Smart materials with a response to a stimulus are attracting
significant interest in the material science field due to their
diverse potential applications. Among these, self-healing and
shape-memory materials are attracting the most attention from
material scientists. The self-healing ability is a crucial feature of
biomaterials, and increases the durability of natural materials,’
whereas man-made materials are susceptible to failure upon
encountering damage or fracture by external factors during
their service life. Thus, the development of self-healing materials
which can repair themselves after mechanical damage has been
highly desired over the past decade.”™ A variety of methods have
been developed to access such materials, in particular, the employ-
ment of self-healing polymers (SHPs). In most of the approaches to
date, micro-capsules containing healing agents are embedded
in the polymeric matrix to achieve such properties.>® In these
cases, the healing agent is released, owing to a capillary effect,
into cracks to repair them. These types of SHPs can heal
themselves spontaneously, as and when required. But they
can be healed only once at the same location, due to exhaustion
of the healing agent from the containers. To overcome this
short-coming, material scientists designed a three-dimensional
micro-vascular network with a suitable healing agent, as well as
a “reversible polymer” which contains reversible bonds such as
non-covalent or dynamic covalent bonds.””® This type of healing
system can be used to heal the cracked site of the material
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material has potential advanced applications.

repeatedly. As the healing agents are delivered to the crack site
by the three-dimensional micro-vascular network, it can be
healed repeatedly, even at the same location. On the other
hand, the reversible bonds are able to reversibly associate and
dissociate during triggering from an external stimulus, such as
heat or light.'® They tend to open immediately upon damage on
exposure to a stimulus, due to the presence of such weak bonds.
These dynamic bonds repair the fractured/damaged areas by
driving the polymer chains to the site through diffusion and
re-entanglement above the glass transition temperature. Despite
their great advances, some serious problems limit their practical
applicability. Both three-dimensional micro-vascular network
embedded self-healing materials and reversible polymers suffer
from poor mechanical properties, along with high costs.'""

Thus, the development of a novel SHP with repeated healing
efficiency and outstanding mechanical properties is still a key
challenge. To address this problem, Huang and co-workers
designed a polyurethane-graphene nanocomposite as a self-
healing material."> These nanocomposites demonstrated
repeated healing efficiency by infrared (IR) light, electricity
and microwave (MW) energy with good mechanical properties.
However, to achieve such healing properties, the amount of
graphene, as well as the MW power consumption, is quite high.
Thus, the use of such stimuli is difficult in practical field
applications. Thus, emerging materials with a rapid and repeatable
self-healing capability with adequate mechanical properties
still remain a daunting challenge.

Recently, a new concept has been explored on the use of
shape-memory materials, such as shape-memory alloy (SMA)-
based wires and shape-memory polymer (SMP)-based fibers to
improve the self-healing process by providing a mechanism to
repair the crack, either partially or fully."**® This can also offer
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a repeated healing capability with improved mechanical properties.
But it also suffers from some inadequacies. For instance, in order
to achieve effective healing, SMA wires or SMP fibers have to be
positioned locally and perpendicular to the crack.'® This is indeed a
challenge to achieve in practical applications. Thus, an SMP
without any external shape-memory material has an immense
potential to overcome the above-mentioned shortcoming. In this
context, Rowan et al. designed a semicrystalline polydisulfide
network, which inherently exhibited both shape-memory and
healable properties.'” This polydisulfide network demonstrated
thermo shape-memory and photohealable properties. Also, Zhao
and co-workers fabricated polyethylene-carbon black nano-
composites, which showed improved self-healing by a shape-
memory effect."® However, these materials did not show
multistimuli responsive behavior.

In the current scenario, hyperbranched polyurethanes
(HPU)-reduced graphene oxide (RGO) nanocomposite exhibited
multistimuli responsive shape-memory behavior under MW, sun-
light and thermal energy."® In addition, the use of iron oxide-RGO
(I0-RGO) nanohybrids instead of RGO only had some advantages,
as IO nanoparticles have good thermal conductivity, magnetic
behavior and MW absorbing capacity. Also, RGO contains some
functional groups on its surface, so dispersion into the polymer
matrix is easy.’>>" Here, it is pertinent to mention that self-healing
by a natural stimulus like sunlight is an eco-friendly, inexpensive,
and practical strategy, and hence more promising. Ghosh and
Urban developed a polyurethane based on an oxetane-substituted
derivative of chitosan, which could mend itself under exposure to
sunlight.® Most importantly, RGO also has an excellent sunlight
absorbing capacity like graphene and, hence, it can be used for
this purpose.”” Furthermore, I0 nanoparticles are well-known
for their good microwave absorbing capacity, excellent thermal
conductivity, high magnetic saturation value, etc.* Therefore,
I0-RGO nanohybrids can be used to enjoy their combined effects.

Herein, a tough self-healing elastomeric nanocomposite of
an HPU and I0-RGO nanohybrid was fabricated. Evaluations of
the mechanical properties, multi-stimuli self-healing and shape-
memory behavior of the nanocomposite by sunlight and micro-
wave were performed.

Experimental

Materials

Castor oil (Sigma Aldrich), 1,4-butanediol (BD, Merck, Germany),
and poly(s-caprolactone) diol (PCL, M, = 3000 g mol "), (Solvay
Co., UK) were used after drying in an oven prior to use. Ferrous
chloride (Merck, India), anhydrate ferric chloride (Merck,
India), and 2,4/2,6-toluene diisocyanate (TDI, Merck, Germany)
were used as received. Xylene (Merck, India) and N,N-dimethyl-
acetamide (Merck, India) were vacuum-distilled and kept in a 4A
type molecular sieve before use. Other chemicals and solvents
were used without further purification. Graphene oxide (GO) was
prepared by a modified Hummers method. The oxidization of
graphite powder was achieved using a mixture of concentrated
sulphuric acid and KMnOy,, as reported in our earlier work.?°
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The monoglyceride of the castor oil was prepared as reported
earlier.”*

Preparation of iron oxide-reduced graphene oxide (I0-RGO)
nanohybrid

The nanohybrid was prepared by the co-precipitation of ferrous
and ferric ions on the GO sheets, followed by the reduction of
GO, as reported in our earlier work.>” Briefly, 64.8 mg of FeCl,
and 39.6 mg of FeCl, were mixed with 50 mL of GO dispersion
in millipore water (1 mg mL ™ "). Then, the mixture was stirred
constantly for 1 h under a N, atmosphere. Then, 20 mL of
banana peel ash extract and 10 mL of Colocasia esculenta leaf
extract were added and stirred for 30 min to obtain the IO-RGO
nanoparticles-based nanohybrid. The ratio of iron oxide and
reduced graphene oxide in the nanohybrid was 1:1 in the
prepared nanohybrid.

Preparation of hyperbranched polyurethane iron oxide-reduced
graphene oxide (HPU-IO-RGO) nanocomposite

A three-neck round-bottomed flask equipped with a nitrogen
gas inlet, a mechanical stirrer, and a Teflon septum was used
for the nanocomposite preparation. The required amounts of
PCL (0.002 mol), BD (0.004 mol), and dispersed I0-RGO
nanohybrid (in DMAc) were added to the round bottomed flask
containing the desired amount of xylene with constant stirring
(37% solid content). After dissolving PCL, the desired amount
of TDI (0.007 mol) was added dropwise, using a syringe, into
the reaction mixture at room temperature. The reaction was
continued for 3 h at a temperature of 70 + 2 °C to obtain the
desired viscous mass, which was treated as the pre-polymer.
This pre-polymer was then cooled to room temperature and the
monoglyceride of castor oil (0.002 mol) as a triol was added with the
required amount of TDI (0.002 mol) to maintain the overall NCO/OH
ratio equal to one. The temperature was then raised to 110 + 2 °C
and stirred continuously for 2.5 h to complete the reaction, as
indicated by the absence of an isocyanate band at 2270 cm™* in
the FTIR spectrum. Hyperbranched polyurethane was also prepared
without the IO-RGO nanohybrid. Hyperbranched polyurethane
nanocomposites with 0.5 weight%, 1 weight%, and 2 weight% of
I0-RGO nanohybrid were encoded as HPU-IO-RGOO0.5, HPU-IO-
RGO1, and HPU-IO-RGO2, respectively, and hyperbranched
polyurethane without IO-RGO nanohybrid was coded as HPU.

Instruments and testing methods

The tensile strength and elongation at break were measured by
the help of a Universal Testing Machine (UTM) (Jinan WDW 10,
Republic of China) with a 500 N load cell and a cross-head
speed of 20 mm min . The differential scanning calorimetry
(DSC) study was done using a DSC 6000 (Perkin Elmer, USA) at
a heating rate of 2 °C min~' under a nitrogen flow of 30 mL
min~* from —20 °C to 120 °C. TGA was done using a thermal
analyzer, TGA 4000 (Perkin Elmer, USA) with a nitrogen flow of
30 mL min " at heating rate of 10 °C min™".

In order to evaluate the healing performance, films with a
thickness of 0.5 mm of the nanocomposite were cut (10 mm?® x
0.2 mm® x 0.015 mm?® in dimension) in a transverse direction
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by a razor blade, and the cracked was healed by sunlight or
microwave, separately. The healing efficiency was calculated as
the ratio of the tensile strength values of the nanocomposites
before and after healing. The tensile strengths of the pristine
and the healed samples were measured by the same UTM.
Samples were cut into strips of 80 mm® x 10 mm?® x 0.50 mm”®
for testing. The tensile strengths of pristine HPU, as well as the
nanocomposites with different loadings of the nanohybrid,
were measured for at least five samples in each case, before
and after the healing process. The optimal healing time for
each case was defined as the shortest time required to achieve
the best healing efficiency under the given conditions. For MW
healing, a domestic microwave oven (800 W) operating at a
frequency of 2.45 GHz was used. Three different MW powers
(180 W, 360 W, and 540 W) were used for the healing. Sunlight
healing was performed under direct sunlight (11 am > pm)
at Tezpur University campus (altitude: 26.63°N 92.8°E) in
the month of November on sunny days [average temperature
(29 + 1 °C) and humidity (65 &+ 1%]], with a light intensity of
90 000-100 000 lux.

To study the shape-memory behavior under MW and direct
sunlight, bending tests were performed. The sample was folded
in a ring form at 60 °C, followed by quenching into an ice-salt
bath for 5 min at —10 °C. Then the shape recovery of the
nanocomposite films was achieved by exposure to MW irradiation
of 360 W for 30-60 s under ambient conditions or in direct sunlight
on sunny days in November, 2013. The shape recovery was
calculated using the following equation.

Shape recovery (%) = {(90 — 6)/90} x 100 (1)

where 0 in degrees denotes the angle between the tangential
line at the midpoint of the sample and the line connecting the
midpoint and the end of the curved sample.

Results and discussion
Preparation of the nanocomposite

An in situ polymerization technique was used to prepare the
HPU-IO-RGO nanocomposite by using the monoglyceride of
castor oil as a branch generating moiety and IO-RGO as the
reinforcing nanomaterial, as shown in Scheme 1. It is pertinent
to mention here that the average functionality of castor oil is
about 2.7, but the monoglyceride of it contains a small amount
of unreacted glycerol, castor oil and diglyceride. Thus, the
average functionality of the monoglyceride is taken as 3 for
simplicity.

The crucial monitoring factors during nanocomposite pre-
paration are the concentration of the reactants (especially the
multifunctional moiety), the addition rate of the multifunc-
tional moiety, reaction time, and temperature.*® During the
nanocomposite preparation, the dispersion of the I0O-RGO
nanohybrid in DMAc was incorporated in the 1st step of the
polymerization to obtain a strong interfacial interaction (covalent
and noncovalent) with HPU chains. In the 2nd step of the reaction,
the multifunctional moiety was slowly added in a very dilute
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Scheme 1 Synthesis of HPU-IO-RGO nanocomposite.

solution (15% in xylene) to avoid gel formation, and also
temperature of the reaction was gradually raised to 110 °C.>

Characterization of the nanocomposite

FTIR spectra confirmed the presence of urethane linkages, both
in HPU and its nanocomposites (see Fig. 1). In the studied HPU
and its nanocomposites, the appeared vibration bands at 1680-
1695 cm™ ' were attributed to a C=O stretching vibration
(contribution from both amide I and ester linkage). Furthermore,
N-H stretching and N-H bending vibrations were observed at
3430 em™"' and 1557-1580 cm™ ', respectively. A few more
characteristic bands for the urethane linkage were found at
1060-1090 cm ™' (N-H deformation vibration), 1140-1175 cm "
(C-O stretching vibration), etc.>**® The shifting of the C=0
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Fig. 1 FTIR spectra of (a) HPU, (b) HPU-IO-RGOO.5, (c) HPU-IO-RGO1
and (d) HPUIO-RGO2.
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Fig. 2 XRD patterns of (a) HPU, (b) HPU-IO-RGOO0.5, (c) HPU-IO-RGO1
and (d) HPU-1O-RGO2.

Fig. 3 HRTEM images of HPU-IO-RGO2: (a) at low resolution showing
RGO layer and decorated 10O nanoparticle and (b) at high resolution
showing an individual IO nanoparticle on a RGO sheet (inset shows SAED
patterns).

band to 1680 cm ' from 1695 cm™ " was observed with the
increasing amount of IO-RGO in the nanocomposite.”® This
indicates the presence of interactions among the polymer
chains and the IO-RGO nanohybrid. These interactions
increase with the increase in the I0O-RGO content.

In the XRD patterns, HPU and its nanocomposite exhibited
two distinct peaks at 26 = 21.15° (corresponding to a d-spacing
of 0.41 nm) and 23.5° (corresponding to a d-spacing of
0.375 nm), which are attributed to the crystals of the PCL
moiety present in HPU (see Fig. 2).*° After incorporation of
the nanohybrid, a slight shifting of the PCL peaks towards a
higher angle was observed, which may be due to formation of a

Table 1 Mechanical properties of the nanocomposites
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more dense structure compared to the pristine HPU.”® Also the
peak intensity of the PCL moiety was slightly increased with the
nanohybrid loading.

This indicates that the crystallinity of the nanocomposite
increased with the increase dose of nanohybrid, as the nano-
hybrid acts as a nucleating agent. Here, it is pertinent to mention
that no such distinct peak is observed for IO-RGO in the XRD
patterns of the nanocomposites. This may be due to the presence
of a small amount of IO-RGO in the nanocomposite.

The performance of the nanocomposites is strongly influenced
by the dispersion of the nanohybrid in the HPU matrix. Therefore,
HRTEM was employed to investigate the dispersion of the
nanohybrid. HRTEM images of HPU-IO-RGO2 are shown in
Fig. 3. From the figure, it is clear that the nanohybrid is finely
distributed in the HPU matrix.

Mechanical properties

The pristine HPU possesses a low tensile strength and modulus,
due to the presence of a hyperbranched structure and the mono-
glyceride of castor oil in the polymer chains. After incorporation
of the I0O-RGO nanohybrid, all the nanocomposites exhibited
excellent dose-dependent mechanical properties, like tensile
strength, tensile modulus and toughness (see Table 1). One
noticeable achievement of this study is the simultaneous
improvement of tensile strength and elongation at break, which
resulted in a high toughness for the nanocomposite. Such out-
standing mechanical properties can definitely be attributed to
the strong interfacial adhesion and good compatibility between
HPU and the nanohybrid.>**” Also, the remaining hydroxyl groups
in the nanohybrid may react with an isocyanate-terminated pre-
polymer chain to form a urethane linkage between HPU and the
nanohybrid.** These strong chemical bonds help to achieve a
successful transfer of the load from HPU to the nanohybrid in
the nanocomposite.”® Due to the presence of the afore-stated
covalent bonding, H-bonding, and polar-polar interaction between
the nanohybrid and the HPU chains, the hard domain of HPU is
stiffened. This consequently enhances the tensile modulus of the
nanocomposite. The nanocomposite also demonstrated a high
dose-dependent toughness after incorporation of the nanohybrid.
These nanocomposites also exhibited excellent flexibility with very
high elongation at break.

More interestingly, the elongation at the break of the
nanocomposites increased with increases in the content of
nanohybrid. Such an enhancement was mooted as being due
to the alignment of HPU chains in the initial stage of tensile
loading, which forces them to orient the nanohybrid along the
loading direction. This was also observed in other reported

Properties HPU“ HPU-I0-RGOO0.5 HPU-IO-RGO1 HPU-IO-RGO2 HPU-RGO2?

Tensile strength (MPa) 7.3 £0.7 17.15 + 1.7 21.34 £ 2.1 24.15 £ 2.3 28.3 £ 1.9

Tensile modulus (MPa) 3.5+0.5 10.49 £ 0.4 18.5 £ 0.9 28.55 + 1.2 373 £ 3.2

Toughness (M] mfs) 26.30 + 2.8 41.8 £ 5.4 66.4 + 6.1 110.8 £ 5.4 121.78 + 4.1

Elongation at break (%) 660 £ 25 745 £ 15 936 £ 35 1090 £ 50 1180 + 34
24 b

“ Reproduced with permission. Reproduced with permission.®
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Fig. 4 Digital images of (a) fractured nanocomposite film and (b) healed nanocomposite film, and optical microscopic images of (c) fractured
nanocomposite film and (d) healed nanocomposite film, and digital image of HPU (e) before and (f) after healing.

graphene-based polymer nanocomposites.”®?° Again, at high

stress, the layer of RGO in the nanohybrid may slide over each
other.*® From Table 1, a slight deterioration of the mechanical
properties of the HPU-IO-RGO nanocomposite is observed
from the HPU-RGO nanocomposite. This may be due to the
presence of a high aspect ratio of nanomaterial, especially RGO
that provides for a mechanically strong nanocomposite.*®
On the other hand, only the I0-based HPU nanocomposite
exhibited inferior mechanical properties compared to the HPU-
RGO nanocomposite.>' Therefore, an equal amount of RGO and
10 nanoparticle containing nanohybrid was used to fabricate the
nanocomposite in this study.

Self-healing behavior of the nanocomposite

Optical images were used to examine the healing ability of the
nanocomposites. The typical optical images for the flaw film before
and after healing are shown in Fig. 4. A comparison of the two
optical images before and after the healing clearly demonstrate the
completion of the healing process of the nanocomposite film. All
the nanocomposites were healed rapidly with excellent healing
ability after the incorporation of a small amount (0.5-2 weight%) of
I0-RGO nanohybrid. On the contrary, the pristine HPU film does
not heal, or only partially healed, even after long time exposure to
any tested stimulus. The incorporation of the nanohybrid remark-
ably enhanced the healing abilities of HPU, as clearly reflected by

2150 | New J. Chem., 2015, 39, 2146-2154

this result. The intrinsic properties of IO-RGO, such as excellent
MW absorbing capacity and high thermal conductivity, as
mentioned earlier, are responsible for this observation.*!

The healing efficiencies of the nanocomposite films under
MW are shown in Fig. 5. This shows that the nanocomposite
films were healed with a high healing efficiency of 99% or
more. The healing efficiency of the nanocomposite by MW
depends on the amount of nanomaterial, the MW power input,
and the exposure time (see Fig. 5a-c). An increase in any of these
parameters results in improvements in the healing efficiency.
Here, it is pertinent to mention that pristine HPU only slightly
healed (10-15%) after 5 min of MW exposure. Although the
HPU-RGO2 nanocomposite was completely healed within 4 min
at a high MW power input of 540 W. The healing of HPU-1O-
RGO nanocomposites was faster due to the presence of a high
amount of iron oxide in the nanohybrid (an equal amount to
RGO), which have high MW absorption capacity,>' and therefore,
the nanohybrid absorbs sufficient energy to heal the cracked
rapidly.

All the nanocomposites were rapidly healed within 20-30 s
under low MW power (360 W only). During the healing process,
the nanohybrid works as a nanoscale heater, as well as a heat
carrier unit. The nanohybrid absorbed MW energy and started
to oscillate its dipoles, the friction from which generated heat at
the nanohybrid-polymer interface.*' This energy was efficiently

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2015
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Fig. 5 The healing efficiency at MW power of (a) 180 W, (b) 360 W and (c) 540 W, and (d) under direct sunlight for different loadings of nanohybrid (i) 0%,

(i) 0.5%, (iii) 1% and (iv) 2%.

transferred to the HPU matrix by the nanohybrid, which aids the
rapid Brownian movements of the soft segment of the nano-
composite to above the transition temperature (i.e., the melting
temperature of the soft segment of HPU (see Fig. 6). These
Brownian movements of the HPU chains increase with nanohy-
brid loading. Hence, the nanocomposite films were heated
uniformly and rapidly upon exposure to a stimulus. This helps
to permanently repair the flaw, as diffusion occurs at that flaw
site, and also, the process can be repeated multiple times. The
HPU-IO-RGO2 nanocomposite demonstrated faster healing
compared to the other studied nanocomposites, although it had
more molecular restriction. This is due to the presence of a higher
amount of nanohybrid in it, which helps to absorb more MW
energy and helps to transfer this energy to the HPU matrix for rapid
healing. As self-healing was achieved by the rearrangement and
diffusion of the soft segments of HPU, the healing of the prepared
nanocomposite could be repeated again and again.** As a result,
even after the fifth cycle of the experiment, the healing ability of the
nanocomposite remains almost the same (see Fig. 7).

The nanocomposite with 1% and 2% of nanohybrid demon-
strated rapid healing within 5 min, with excellent healing efficiency
under direct sunlight exposure (see Fig. 5d). But the nanocomposite

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2015

with 0.5% IO-RGO could only be healed after 7.5 min. These results
indicate dose-dependent healing, as well as that this loading of
nanohybrid is sufficient for the healing process under sunlight.
Similar to MW, the light energy is efficiently transferred throughout
the nanocomposite and aids the rapid Brownian movement of the
molecular chains of the segment. This causes the rapid healing of
the nanocomposite, as diffusion of the chains at the flaw site takes
place easily. Here, also the nanocomposite was repeatedly healed by
sunlight, and even after the fifth cycle of the experiment, no
significant decrease in efficiency was observed (see Fig. 7).

The study also revealed that the used energy of the stimulus was
inadequate to cause any degradation or dimensional instability, as
confirmed by the thermal study of the nanocomposites.

Thermal properties

Fig. 8a demonstrated that the melting point (7,,) of the soft
segment (PCL moiety) increases from 48.2 °C to 52.4 °C upon
the incorporation of 2 wt% nanohybrid in the HPU matrix. The
presence of the nanohybrid may restrict the molecular motion
of the polymeric chains in the initial stages.”® This may be the
reason for the increment of Ty,. Also, this influence depends
on the interaction of the nanohybrid with the HPU chains.

New J. Chem., 2015, 39, 2146-2154 | 2151
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Fig. 7 Healing efficiency of HPU-IO-RGO2 nanocomposite for repeated
cycles under MW (at 360 W) and sunlight stimuli.

This clearly suggests that IO-RGO acts as a nucleating agent in
the matrix, and thus the presence of the nanohybrid can
improve the crystallization process by bringing about the
arrangement of the HPU chains in a particular way.*
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Thermogravimetric analysis (TGA) was performed to verify
the thermal stability of the HPU and its nanocomposite (see
Fig. 8b). All the thermograms showed two-step degradation
patterns. The degradation temperatures of the nanocomposites
were enhanced compared to HPU. This suggests the good
dispersibility of I0O-RGO in the HPU matrix. The improved
thermo-stability of the nanocomposites with the loading of the
nanohybrid is due to the limited motion of the HPU chains, due
to the presence of different physico-chemical interactions.*® The
produced volatiles during the decomposition were also retained
for a longer time in the matrix, due to the better barrier
characteristic compared to the pristine HPU.*

Shape-memory behavior of the nanocomposite

Furthermore, all the nanocomposites exhibited multi-stimuli
responsive shape-memory behaviors. Shape-memory behaviors
of the nanocomposite by MW are shown in Fig. 9. Shape-
memory tests were also performed under the exposure of MW
and sunlight. The shape-recovery time and ratio under different
stimuli are tabulated in Table 2. In all cases, the shape-recovery
time decreased with the increase of nanohybrid content in the
nanocomposites.

The nanohybrid created a large amount of stored elastic
strain energy, due to the strong interfacial interactions with the
compatible HPU matrix.?® This assisted the nanocomposites to
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Fig. 9 Shape memory behavior of the hanocomposites under MW stimulus.

Table 2 Shape memory properties of the nanocomposites

Stimulus HPU HPU-IO-RGOO0.5 HPU-IO-RGO1 HPU-IO-RGO2 HPU-RGO2
MW Shape recovery time (s) 80 60 50 30 53

Shape recovery (%) 95.5 96.4 97.4 99 97.6
Sunlight Shape recovery time (min) 7 2.5 2 1 1.5

Shape recovery (%) 95.3 96.1 97.2 98.5 98.1

achieve a high recovery speed due to the release of this stored
elastic strain. Also, the enhancement of the MW and sunlight
absorbing capacity with the increase of the nanohybrid content
is another important factor for fast recovery.

Conclusions

In summary, we demonstrated a self-healable and shape-
recoverable hyperbranched polyurethane nanocomposite with

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2015

outstanding mechanical properties. The obtained nanocomposites
exhibited a repeatable and rapid healing ability under different
stimuli, namely, microwave and sunlight, as well as excellent
shape-memory behavior under the same stimuli. In contrast
to the existing reported self-healing systems, these nano-
composites showed rapid and repeatable healing ability under
green stimuli, particularly under sunlight, which is eco-
friendly, inexpensive and practically useful. A few more stimuli,
such as magnetic, electric and infrared light, may also be
used for the same purpose. The nanocomposite has potential
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applications in transport, construction, electronics and more
such industries.
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