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Abstract. This paper describes a multi-filler synergy study that was carried out for multi-walled carbon nanotubes
(MWCNTs) and carbon black (CB) filler systems in polyurethane (PU) resin, and the individual contributions of the fillers
were evaluated. The hybrid nanocomposite was found resistant to ultraviolet radiation and exhibited a high glass transition
temperature enabling it suitable for space applications. The contributions of individual fillers in the hybrid system were
compared with the binary nanocomposites of respective fillers and the advantages of hybrid system are also highlighted.
The synthesized hybrid polymer nanocomposite (PU ? CB ? MWCNT) was found to have superior thermal, electrical
and mechanical properties even at a very low content of reinforcements and a percolation threshold of 5% CB and 0.15%
MWCNT combination was also observed. Shape memory effect of the hybrid system was evaluated and compared with
binary systems. A faster recovery time of 41 s was observed for a combination of 5% CB and 0.25% MWNT against 50 s
for 25% CB alone upon thermal actuation. On electrical actuation, the hybrid nanocomposite system was observed to have
a three-fold faster recovery compared to the binary systems of CB alone. The hybrid system proves to be a reliable choice
for replacing an expensive single reinforcement system of MWCNTs.
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Introduction

Conductive nanocomposites have evolved as an alternative
to existing complex mechanisms for the realization of
multifunctional smart systems as in sensors, control-actuation devices, flexible electronics, deployment devices, etc.
They consist of a polymeric bulk phase with nano-scale
conductive filler reinforcements dispersed in it. The nanofillers influence the mechanical, chemical and electrical
properties which enable them to meet the diverse requirements of various applications [1–3].
Remote actuation of smart systems can be effectively
realized using electrically stimulated shape memory
nanocomposites (SMC). Electrically actuated SMC can
simplify the current complex actuation systems used in
strategic applications such as space, defence and nuclear
industries [4,5].
Carbon-based fillers such as graphite nanoplatelets,
exfoliated clay, carbon black (CB), carbon nanotubes
(CNT), carbon nanofibres (CNF), graphene etc., are considered as potential candidates for the synthesis of electrically conductive nanocomposites [6,7]. Studies have proven
that though the conventional conducting fillers like CB or

CNF possess the percolation threshold values as high as
6–10% to be electrically conductive and have good shape
memory ability, a larger filler content of 15–20% is required
which results in the degradation of mechanical properties
[5,7]. Nanofillers such as CNTs, graphene, exfoliated clay
etc., as replacement to conventional fillers have proven to
be effective, as they possess lower value of percolation
thresholds for nanocomposites with better electrical and
mechanical properties [8–10].This advantage is attributed to
the better conductivity and high-aspect ratios of these fillers
compared to the conventional reinforcements. The high cost
and the associated difficulties with the dispersion of CNTs
and graphene led to studies on combining the fillers to form
hybrid heterogeneous nanocomposite systems [7,11–14].
Due to the low cost and abundant availability of CB, it is
one of the most preferred reinforcement filler for synthesizing conductive polymer nanocomposites. However, the
reported percolation threshold of CB filled polymer composites is relatively large compared to the fillers with higher
aspect ratios [15–17]. Thus, CNTs having very high-aspect
ratios and low percolation threshold values can be a
potential replacement of conventional CB fillers in a hybrid
system [18–20].
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Studies pertaining to the synergy between multiple fillers
on hybrid system focus on one of the properties such as
electrical conductivity, mechanical property or transition
temperature only [7,21–31]. The co-existence of the fillers
for network formation attributes to the electrical conductivity of the hybrid systems. Studies of Schartel et al [23]
and Cheng et al [25] report that the ternary composites (two
fillers and matrix) with MWNTs and CB as fillers in epoxy
resin matrix have shown electrical properties similar to the
binary MWNT composites (one filler and matrix). The
synergistic effect was found to improve the electrical
behaviour, while the rheological properties were getting
affected compared to the binary system. Dorigato et al [28]
have studied about polybutylene terephthalate (PBT) filled
with CB and CNT at different relative ratios, and found that
the synergistic effect of both nanofillers with even dispersion in the matrix resulted in achieving rapid surface heating through Joule effect even at lower voltages. Kumar et al
[29] and Cheng et al [7] studied the synergistic effects for
mixed CB and MWNTs and observed that the aspect ratios,
geometric shapes and surface preparations does influence
the electrical and mechanical properties. The study reported
that the properties of the hybrid system are found to be in an
intermediate binary state between those containing CB and
MWNTs alone on the macroscopic scale. Figure 1a–c
shows the illustration of dispersed fillers in binary
nanocomposites with CB, CNT and hybrid ternary CB and
CNT as fillers, respectively.
The individual probable network formations are also
depicted for each case, where figure 1c indicates the possible synergy between both the fillers forming continuous
networks in the system.
Most of the studies have focussed on the effect of electrical and mechanical properties due to the synergy between
the fillers. An evaluation of the individual filler contributions towards a combination would help to arrive at optimal
filler content for specific applications. Electrical conductivity, uniform dispersion of fillers in the matrix for rapid
Joule heating, mechanical strength and elongation are significant properties for a shape memory material (SMM). A
balance on such properties by varying the multiple fillers
can result in a superior material for shape memory
applications.

Figure 1. Depiction of CB, CNT and hybrid nanocomposites
with filler dispersions: (a) CB as filler forming networks, (b) CNT
as filler forming networks and (c) synergy of CB and CNT forming
networks.
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It is understood that the factors such as geometry/shape,
surface preparations, presence of solvent traces after curing,
dispersion/mixing methodology adopted, sequence of mixing, time of mixing, dimension of fillers, viscosity of the
resin, inter-filler interaction, density difference, conductivity difference, strength and difference in elastic behaviour
can affect the hybrid composite properties. The authors,
through this paper, investigate the synergistic effect of the
above-mentioned factors, between CB and MWNTs in the
polyurethane (PU) matrix. A consideration of the individual
contribution of the fillers towards the properties of the
nanocomposite is a unique feature of this work. PU being a
popular material for shape memory application having
inherent shape memory behaviour (due to the presence of
multiple phases in the polymer domain), was chosen as the
matrix for synthesizing the hybrid nanocomposite system.
Different weight fractions of CB and MWNT were combined to form ternary hybrid systems and the characterization of each system was studied to understand the effect of
varying content of the fillers. The results of the hybrid
system were compared with that of binary nanocomposites
of individual fillers to evaluate the influence of CB and
MWNT on the synthesis, mechanical and electrical properties and shape memory effect. The influence of CB against
ultraviolet protection of the hybrid system was also verified
to cater for space applications.

2.
2.1

Experiment
Materials and processing

PU resin matrix was prepared via a two-stage prepolymer
process in which the prepolymer was made from poly(tetramethylene ether) glycol-polyether polyol (2000 g mol-1,
Sigma Aldrich), toluene diisocyanate (TDI; 174.2 g mol-1,
Bayer) and isophorone diisocyanate (222.3 g mol-1, Evonic). Trymethylol propane (134.2 g mol-1, Lanxess) and
1,4-butane-diol (90.12 g mol-1, Loba Chemie) were added
to the prepolymer as a cross linking agent and a chain
extender, respectively. The exact formulation and synthesis
is reported elsewhere [4]. The presence of multiple phases
(polyol and diisocyanate) which represents the hard and soft
domains, in the polymer matrix enables it to possess shape
memory behaviour. Zhang et al [32] report that the balanced ratio of hard and soft phase content enhances the
mechanical properties and give better shape memory
efficiency.
Super conductive CB (99% pure, Alfa Aesar) with
average particle diameter of 240 nm and spherical in
geometry was one of the fillers in the ternary hybrid system.
Acid functionalized MWNTs (99.99% pure, Chemapol
industries) with diameter ranging between 3 to 5 nm with
aspect ratio between 90 and 120 were added as a second
filler to prepare the conducting heterogeneous nanocomposite. The spherical and tubular geometry of CB and
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MWNTs would present interesting synergistic results in
hybrid nanocomposite properties. For the material to exhibit
good shape memory effect (SME), the bulk of the composite is required to be heated up to the transition temperature (Tg). Electro-active shape memory is influenced by the
electrical conductivity of the material resulting in joule
heating, whereas the thermal conductivity of the
nanocomposite governs the thermally stimulated SME.
Since conductivity corresponding to electrical percolation threshold demarcates the material between insulator
and conductor, the combinations of CB and MWNTs were
so chosen that the weight fractions of individual fillers are
below the reported percolation threshold values [6,33]. This
helps prepare hybrid systems with lower filler loadings
having better properties compared to binary composites.
1, 3 and 5% weight content of CB were chosen corresponding to which MWNTs were added in weight fractions
of 0.05, 0.1, 0.15, 0.2 and 0.25%. The fillers were added to
the resin and subjected to 30 min of ultra-sonication for
dispersion, which was chosen over mechanical mixing to
prevent damage of the MWNTs while mixing [6]. The
resin-filler mixture was cast to thin sheets with PU solvent
and cured at room temperature for 240 h for complete
solvent evaporation. Solvent-based system was chosen to
have control over the viscosity of the resin matrix during
synthesis and casting. Subsequently, the specimen was demoulded and post cured at 150°C for 10 h for complete
solvent removal.

2.2

Characterization techniques

To verify the PU linkages of the synthesized nanocomposite,
Fourier transform infrared spectroscopy (FTIR) was
employed. Thermofisher-Nocole-iS-50 FTIR was used in
ATR mode for 550 and 4000 cm-1 wavenumber and at
resolution of 4 cm-1. For understanding the response of the
system towards UV radiation, the solid-state UV spectra of
the ternary hybrid system was taken using Perkin-Elmer
Lamda-950 instrument for 250–800 cm-1. For verifying the
microstructure and dispersion of the multiple fillers, scanning electron micrographs of the representative samples
were taken using Carl-Zeiss Sigma HD FESEM (accelerating voltage of 30 kV). The transition temperature and thermal stability of the system were obtained using differential
scanning calorimetry (DSC) and thermo-gravimetric analysis (TGA). DSC Q-20 (with a heating rate of 10°C min-1)
and SDT Q-600 were used for the analysis. The stress-strain
data obtained from the Microtest EM2/50/FR Universal
testing machine (ASTM-D3039) were used to arrive at the
elastic modulus of the system. The electrical resistivity of
nanocomposites was measured at room temperature based
on Ohm’s law by passing known current and voltage. Folddeploy test was conducted for evaluating the shape memory
behaviour of the prepared hybrid system, by training the
material to a temporary shape and recovering by heating (by
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means of blow heaters for thermal stimulation and by joule
heating for electrical stimulation) to temperatures up to Tg ?
20°C. The prepared nanocomposite sample is sliced to a
rectangular strip and heated to Tg by external heaters or by
resistive heating. On reaching Tg, the straight edges are bent
to ‘U’ shape, cooled to room temperature for shape fixing
and the shape fixity efficiency is arrived from the retained
angle of bent. Further heating causes the material to recover
its original shape and the angle between the edges was
measured for arriving at the recovery efficiency. Ten discrete cycles of fold deploy tests were conducted for evaluating the shape recovery efficiency upon thermal and
electrical stimulation.

3.

Results and discussions

Basic PU linkages were observed in the functional and
fingerprint regions of the FTIR spectrogram (refer figure 2)
and the same profile was observed for all the filler combinations. This specifies that the increased filler loading has
little effect of IR absorption and was reflected in the spectrum. Representative FTIR spectrum of combination 5% CB
and 0.25% MWNT is depicted in figure 2.
The overtones around 3600 cm-1 denote the presence of
non-bonded OH stretch (alcohol in the basic PU). The
stretch absorptions around 3300 cm-1 indicate the primary
and secondary amines (N–H-bonds) and O–H stretching.
The significant backbone carbon and its hydrogen counterpart bond, C–H stretching linkages are evident from the
peaks between 2840 and 2950 cm-1. The overtones at
2000 cm-1 are indicative of the radiation absorption by the
fillers, which are meager in intensity. The peaks observed in
the region between 1600 and 1700 cm-1 indicates the N–H
bending, stretching of C=O and aromatic C=C bonds.
Typical PU peaks absorptions between 1000 and 1530 cm-1
can be observed showing the C–H bending, C–N stretching
and the aromatic ring stretching. The peaks around 629–800
cm-1 are indicative of the aromatic C–H out-of-the-plane
bending, which is typical to the PU linkage signatures.

Figure 2.
PU.

ATR-FTIR spectra of 5% CB and 0.25% MWNT in
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No specific peak of absorbance was observed for the
hybrid nanocomposites while exposing it to UV radiation,
as depicted in figure 3.
The stability of PU CB nanocomposite against UV
radiation was reported elsewhere by the authors [4]. This
was explained as the result of two factors of which one is
the stability induced by the presence of ‘saturated cyclic and
aliphatic polyisocyanates’ IPDI [34]. The second factor is
attributed to the presence of the CB as filler material that is
a proven UV stabilizer for polymers [4,35]. Hence, the
hybrid nanocomposite prepared was found to be resistant to
UV radiation, attributed to the contribution of CB in the
system in addition to the aliphatic component of PU. Since
MWNTs are UV active, considerable peaks can be observed
in UV characterizations of nanotubes composites [36]. The
response towards UV enables the polymer nanocomposites
with MWNT fillers to be UV curable. As observed from
figure 3, the presence of CB and the UV-resistant PU resin
will dominate over the UV active MWNTs in the hybrid
ternary system resulting in the absence of any peak in UV
spectrogram.
The hybrid nanocomposite was analysed for its
microstructure and the dispersion of the fillers using scanning electron microscopy (SEM) as depicted in figure 4a–f.
The population density of the CB and MWNT increased
with filler loading, which can be observed from the SEM
images.
SEM images give a clear picture regarding the dispersion, interaction of fillers and matrix and the possibility of
contact or closeness of particles in the matrix. Figure 4a
and b shows micrographs of 5% CB loading with MWNT
content of 0.25 and 0.15% from which it can be observed
that the considerably high nanotube content with CB led to
agglomeration despite MWNTs being functionalized. The
highlighted areas representing ‘i’ in figure 4a and ‘ii’ in
figure 4b show the agglomeration of the CB and MWNT
fillers, hence negating the functionalization effect of
MWNTs. The highlighted regions ‘ii’, ‘iii’ and ‘iv’ of
figure 4a and ‘i’ in figure 4b show the closeness of CB
and MWNT resulting in continuous filler networks in the

Figure 3. UV–visible spectrogram for CB–CNT in PU matrix
for varying weight fractions.
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matrix. At higher CB loading of 5%, the functionalization
advantage of MWNT was found to be nullified and the
effect of agglomeration was observed in the composite. As
we move across the figure 4b–f, it can be observed that the
agglomeration tendency was reduced with reduction in CB
content. Figure 4c and d depict micrographs of 3% CB
loading with 0.25 and 0.15% MWNT loading, where the
filler dispersions were found uniform in the cross-section. Reduction in CB from 5 to 3% shows results in fairly
uniform dispersion of MWNTs as the effect of functionalization is evident at lower CB loading. The regions
representing ‘i’ in figure 4c, ‘i’ and ‘ii’ in figure 4d show
the uniform dispersion of the fillers in the ternary system.
Figure 4e and f show 1% CB loading and 0.25 and 1.5%
MWNT loading, where the fillers are found well separated
and no agglomeration was observed. The contact of
MWNT forming conductive networks is indicated with
areas showing ‘i’ in both figure 4e and f. It can be inferred
that both positive and negative synergy exist while mixing
MWNTs and CB in a polymer matrix. From figure 4a and
b, it can be understood that there exists a CB loading
beyond which it affects the functionalization of the
MWNTs resulting in agglomeration. Hence, a higher CB
loading above 5% is found ineffective towards uniform
dispersion in a ternary hybrid system with functionalized
MWNTs.
The Tg of the hybrid system for various filler loadings
was obtained from the DSC analysis and was found to
vary marginally with addition of MWNTs for matrix with
CB (as depicted in figure 5). The basic PU resin was
found to show high Tg of 85°C as reported elsewhere by
the authors [4]. It is observed that at a higher CB loading
(at 5% CB), the Tg remains around 79.5°C which increases
to 80°C while the CB loading reduces to 3% and subsequently to 82°C for 1% CB loading. MWNTs were found
to have little effect on Tg of the system as the absorbed
heat is transmitted to a larger area by the MWNTs having
a high-aspect ratio inside the matrix. The nanotubes hinder
the polymer chain movements at elevated temperature
resulting in retaining the rigidity of the system and hence
Tg is not reduced by its presence. The effect of CB as
mentioned above can be interpreted as due to the plasticizing effect which facilitates chain movement at elevated
temperature. The CB spherical fillers form a concentrated
heat source by absorbing the heat provided to reach Tg.
This heat is transferred to the interface and thereby to the
matrix by CB, resulting in achieving Tg of the material
earlier [4].
Hence, addition of CB to a MWNTs PU system forming a
ternary hybrid composite was observed to affect the Tg by
reducing it with increased CB loading. A positive synergy
exists when both the fillers result in an enhancement in
properties, whereas negative synergy denotes the degradation of the properties.
An increasing trend is observed in the elastic modulus of
the hybrid nanocomposites with increasing CB and MWNT
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Figure 4. SEM micrographs showing varying CB–MWNT loading: (a) 5% CB/0.25% MWNT, (b) 5%
CB/0.15% MWNT, (c) 3% CB/0.25% MWNT, (d) 3% CB/0.15% MWNT, (e) 1% CB/0.25% MWNT and
(f) 1% CB/0.15% MWNT.

loading. Figure 6 depicts the variation in modulus values
for various CB and MWNT loading.
It can be understood that the filler geometry, aspect ratio and
the functionalization of the fillers influence the bond strength
and hence elastic modulus of a hybrid system. The carbon
atoms in the carboxylic acid functional group of functionalized
MWNT form covalent bonds with the PU resin linkages
resulting in better mechanical modulus [27]. Similarly, the
near spherical CB in nano-scale resulted in a larger surface to
volume ratio leading to increased surface energy. This caused
better interfacial adhesion in the particulate-filled system, thus
resulting in increased elastic modulus.

From figure 6, it can be observed that the modulus value
increased with increase in CB loading for a constant
MWNT content. The increased CB loading resulted in larger surface energy leading to enhanced interfacial adhesion
of CB to the matrix thus contributing towards the increase
of modulus values. A similar rate of increase in modulus
was observed per CB loading while MWNT was increased
from 0.05 to 0.25% by weight. The modulus varied between
31 and 52 MPa for 5% CB with increasing MWNT loading.
For 3% CB loading, modulus value ranged between 29 and
43 MPa and for 1% CB loading, elastic modulus varied
between 19 and 40 MPa for increasing MWNT content.
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Figure 5. Transition temperature distribution of
nanocomposites with varying CB and MWNT loading.

Figure 6.
loading.
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hybrid

Change in elastic modulus with varying CB/MWNT

The hybrid system showed elongation upto 400% (3% CB,
0.25% MWNT), which lies between the elongation reported
for individual CB and MWNT systems [4,14]. The percentage elongation showed a reducing trend with increased filler
loading, whereas 3% CB content and 0.25% MWNT showed
the highest value among the combinations, which defines the
trade-off between the CB and MWNT content towards contribution to maximum strain to failure. The high specific
surface area due to the spherical geometry of CB system and
the interfacial bonds attribute to the contribution of CB
towards elongation of the hybrid system [14].
The hybrid nanocomposite showed increasing electrical
conductivity with increased MWNT content per CB
weight fraction. The conductivities varied from the order of
10-12–10-5 S m-1, with 5% CB–0.25% MWNT combination
showing the highest conductivity. The process of electrical
conductivity in a nanocomposite is explained by means of
electron hopping or quantum tunnelling and by contact of
fillers. The latter phenomenon is observed while the

conducting fillers are separated by a minimum distance called
tunnelling distance/barrier distance and the contact of fillers
causes electrons to move across the low resistance path
causing electric current flow. The tunnelling distance depends
on the resin and the filler conductivity, which is approximately
1–1.2 nm for PU CB/MWNT system [5,36,37]. Hence, fillers
coming closer than 1.2 nm form a continuous path for the
electrons resulting in conductive nanocomposites. Increased
CB and MWNT filler loading results in the possibility of a
denser matrix with these fillers dispersed closer resulting in
increased probability of conductive network formations.
Figure 7 depicts the change in electrical conductivity for
various combinations of CB and MWNT systems.
Compared to the observed conductivity of binary CB
nanocomposite system at 1, 3 and 5% loading, the combination conductivity values are higher as the MWNT
enhances the overall composite conductivity [4]. From
figure 7, it can be observed that the conductivity of the
system changes by an order of 2 with 2% increase in CB
content (from 1% to 3% to 5%) for constant MWNT
loading. This signifies the formation of multiple filler networks causing rapid increase of filler content. The average
conductivity of PU nanocomposite corresponding to 3 and
5% CB loadings in a binary system as per a previous work
by the authors are 9.4 9 10-11 and 1.3 9 10-9 S m-1.
Compared to these values, the conductivity of the hybrid
system for 3 and 5% (refer figure 7) varies from 10-9 to
10-6 and 10-8 to 10-4 S m-1, respectively. The contribution of MWNT resulted in the large improvement of conductivity, by connecting the CB particles for electron paths
in the hybrid system, as observed from the SEM images
where the CB and MWNT are in contact. The synthesized
hybrid system with combinations 5% CB–0.15% MWNT,
5% CB–0.2% MWNT, 5% CB–0.25% MWNT and 3%
CB–0.25% MWNT shows conductivity values above
10-6 S m-1, which is the border line between insulators and
conductors [38]. The minimum filler content at which the
composite changes from an insulator to conductor is referred as percolation threshold and the corresponding value for
the synthesized dual filler hybrid nanocomposite system is

Figure 7. Electrical conductivity of nanocomposites as a function of the filler content.
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5% CB–0.15% MWNT. Thus the synthesized material
becomes superior to the binary nanocomposites where the
reported percolation thresholds are high [4,14].
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actuation. On training to the temporary shape, the sample is
cooled to room temperature. The angle of shape fixity was
measured against the original shape and was recorded for 10
discrete cycles.

Shape memory effect
4.1

Fold deploy test was employed for evaluating SME in a
hybrid nanocomposite and to understand the synergistic
contribution of individual fillers. The SME was evaluated
for both thermal as well as electrical stimuli. From the
synthesized hybrid system the sample with filler content 5%
CB and 0.25% MWNT was found optimal for SME
demonstration. Since the maximum electrical conductivity
was observed for 5% CB and 0.25% MWNT combination,
the same was chosen for SME demonstration. The sample
was sliced to shape ‘U’ from the cured hybrid nanocomposite and was used for electrical actuation. A thin rectangular strip of the sample was sliced for evaluation of SME
by thermal stimulation. Figure 8 depicts both thermally and
electrically stimulated SMEs.
The shape memory is a property associated with the hard
and soft domains of the PU resin which gets activated by
heat. The fillers introduced in the resin matrix can facilitate
heating of the polymer matrix by means of increasing the
thermal or electrical conductivity. At lower filler content,
the rate of heating of the system is slower and hence the
efficiency and recovery speed will be lesser compared to
higher filler content. It was observed that lower filler
loading was found to take longer duration (in the order of
hours) which is attributed to the lower number of conductive networks formed in the matrix [39].
For shape memory evaluation, the sample was trained to a
temporary ‘U’ shape after heating up to Tg ? 20°C with
suitable constraint. For thermal actuation, external heaters
were used to achieve the Tg ? 20°C whereas a DC power
supply of 60 V was connected to the specimen for electrical

Figure 8. Shape memory demonstration using thermal and
electrical stimuli: (a) thermally active SME recovering the original
shape in 41 s and (b) electrically active SME recovering the
original shape in 38 s.

Thermally activated SME

The sample which was trained to temporary shape (U shape
as in figure 8a) and cooled was then subjected to external
heating by a blow heater, to a temperature Tg ? 20°C. Across
the Tg, the material softened and the shape recovery was
initiated and the original shape regained. On complete
recovery, the final recovered angles as well as the duration of
recovery were recorded and the efficiency of recovery was
estimated from the angle of recovery for the 10 cycles
[4,5,40]. Figure 8a shows a typical thermal actuation cycle
of the hybrid system, where the ‘U’ shape gets transformed
to original straight configuration on heating. The average
shape recovery time for the 10 cycles was observed as 41 s
with the average shape fixity and recovery efficiency of
89.60 and 80.10% respectively. An individual CB system
with 25% filler loading was used for shape memory evaluation by the authors in another work [4]. The observed fixity
and recovery efficiency was 99 and 94% for thermal stimuli
and the complete recovery was observed in 50 s [4]. Hence
the hybrid system with 5% CB and 0.25% MWNTs was
superior comparing the duration of shape recovery observed
from 25% CB alone in PU system. It can be observed that the
CB content came down to 1/5th (5% from 25%) of the binary
system by addition of MWNT in the system, thus featuring
the contribution of MWNTs in the hybrid system.

4.2

Electrically activated SME

For electro-actuation, the sample was connected to 60 V DC
power supply and the recovered angles for each cycle were
observed for 10 discrete trials. The virtual conductive networks formed by the fillers inside the matrix allow electron
passage and results in joule heating of the system (refer
figure 8b) and when the system reaches the Tg of the
material, initiates shape recovery due to the property of PU.
The inclusion of CB and MWNT fillers increased the
electrical conductivity of the hybrid nanocomposite and the
original shape was recovered in 38 s (average of 10 discrete
cycles). The shape fixity and recovery efficiencies were
recorded as 91.20 and 84.30% respectively for electroactuation of the synthesized hybrid system with 5% CB and
0.25% MWNT.
The binary system with 20% CB in PU matrix has showed
a recovery time of 116 s by passing 60 V DC [5], whereas the
hybrid ternary system synthesized recovered the original
shape in 38 s. The large aspect ratio of MWNT is assumed to
have formed bridges between the CB in the matrix forming
continuous networks in the system (refer to figure 1c, where
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Figure 9. Advantage of hybrid nanocomposite system over the
binary systems depicted in terms of CB loading for different
stimuli: (a) thermally activated SME–25% CB (binary), 5% CB/
0.25% CNT (hybrid) and (b) thermally activated SME–20% CB
(binary), 5% CB/0.25% CNT (hybrid).

the possible network formation is illustrated). Hence, a 1/4th
CB loading provides faster shape recovery in the case of the
hybrid system compared to the binary system of CB in PU.
The recovery duration was also observed to be 38 s which is
1/3rd of that of the binary system.
The significance of the hybrid nanocomposite system
(CB–MWNT–PU) over the binary system with CB–PU is
depicted in figure 9a and b.
The possible reduction in CB content for fixed MWNTs
can be due to the high aspect ratio of nanotubes which while
randomly distributed in the matrix form connections
between the CB spherical particles causing current conduction. The huge reduction in recovery time from 116 to
38 s shows the formation of multiple three-dimensional
networks between CB and MWNT fillers in the PU matrix.

5.

Conclusion

A hybrid heterogeneous nanocomposite with varying content of CB and MWNT was synthesized from high Tg PU
resin matrix. Due to the presence of CB along with the basic

Bull Mater Sci (2020)43:219
resin property, the synthesized hybrid nanocomposite was
found resistant to UV radiation thus making it suitable for
space applications. SEM micrographs revealed that at
higher CB loading, the functionalization of MWNTs was
not found effective and agglomeration was observed. This
depicts the existence of an optimal CB content (5% by
weight) beyond which uniform dispersion is affected. The
Tg was found reducing at higher CB loading due to the
plasticizing effect of the spherical geometry and the effect
of CB acting as local heat source. Mechanical strength was
found to increase with increased filler loading, which
showed a positive synergy between CB and MWNT
towards the elastic modulus of the nanocomposite. The
hybrid system showed increased electrical conductivity with
increased MWNT content per CB weight fraction. A percolation threshold value for the current CB–MWNT combinations was obtained as with 5% CB/0.15% MWNT,
which is lower than the reported values for individual binary systems. SME was evaluated for both thermal and
electrical stimuli individually and the recovery duration and
efficiencies were recorded. The thermally activated shape
memory recovery was achieved in 41 s (at 1/5th of the
duration reported for 25% CB content in binary systems).
The shape fixity and recovery efficiency observed for
thermally active SME were 89.60 and 80.10%, respectively.
For electrical stimuli, the original shape was recovered in
38 s for the current study against 116 s for 20% CB as
reported. The corresponding shape fixity and recovery
efficiencies of the synthesized hybrid system were observed
to be as 91.20 and 84.30% respectively. The study has
explored the synergy of multi-filler nanocomposite hybrid
system and has compared the properties with binary systems
and presents a combination of CB and MWNT with better
properties than binary nanocomposites.
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