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e Electrical conducting flexible copolyester/MWCNTs nanocomposites with quite low
percolation threshold could be prepared.

e Net physical matrix—filler interaction was found to be the binding force for the formation
of uniform nanocomposite morphology.

e Piezoresistivity (strain-dependent electrical response) of the nanocomposites was
confirmed.

e Strain-sensing applications of the materials at low strain range has been demonstrated.
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TEM micrograph showing the morphology of a nanocomposite comprising 3 wt.-% of MWCNTSs (left) and the
relative resistance change (AR/Ro) vs. strain as a finction of MWCNT content (right).
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Abstract

Nanocomposites of multiwalled carbon nanotubes (MWCNTSs) with poly(butylene adipate-co-
terephthalate) (PBAT), a flexible aromatic—aliphatic copolyester, were prepared by melt mixing
followed by compression molding to investigate their spectroscopic, morphological, mechanical
and electrical properties. Comparison of Fourier transform infrared (FTIR) spectra of the neat
polymer matrix and that of the composites showed no difference, implying a physical mixing of
the matrix and the filler. The morphological investigation revealed the formation of continuous
and interconnected MWCNTSs network embedded in the polymer matrix with partial
agglomeration. Increasing Martens hardness and indentation modulus and decreasing maximum
indentation depth with increasing filler concentration demonstrated the reinforcement of the
polymer by the MWCNTS. A volume resistivity of 4.6x10° Q-cm of the materials is achieved by
the incorporation of only 1 wt.-% of MWCNTSs, which confirmed a quite low percolation
threshold (below 1 wt.-%) of the nanotubes. The electrical volume resistivity of the flexible
nanocomposites achieved values up to 1.6x10> Q-cm depending on the filler content. The
elongation at break of the nanocomposites at 374 % and maximum relative resistance changes
(AR/Ro) of 20 and 200 at 0.9 % and 7.5 % strains, respectively, were recorded in the
nanocomposites (3 wt.-% MWCNTS) within the estimated volume resistivity range. Cyclic strain
experiment shows the most stable and homogeneous AR/Ro values at 2-5% strain range.
Electrical conductivity and piezoresistivity of the investigated nanocomposites in correlation
with mechanical properties and observed morphology make them applicable for low-strain
deformation-sensing.

Keywords: polymer nanocomposites, volume resistivity, electrical conductivity, piezoresistivity,
strain-sensing

1 Introduction

Nanocarbons-based electrical conducting polymer composites whose electrical conductivity is
explained on the basis of percolation theory [1] are taken as an alternative to metals and
conventional conducting materials. They have attracted the high research interests in both
industries and academia [2, 3] as variety of such materials are being used in different fields such
as electronics, electrical appliances, construction, sensors, and actuators[4, 5]. They are generally
prepared by the incorporation of conducting nanocarbons into polymer matrices or diluting the
commercially available master batches of the nanocomposites using the same polymer [1].

Carbon nanotubes (CNTSs) are the extensively used nanocarbons because of their high aspect
ratio (length-to-diameter ratio, in the range of 100-1000), their outstanding electrical and
mechanical properties such as high Young’s modulus and high electrical conductivity (similar to
that of copper) [1, 6-8]. Melt mixing method is mostly preferred to incorporate the CNTs into
polymer matrices to obtain the nanocomposites with desired mechanical and thermal properties
although electrical percolation threshold can be slightly increased due to shear induced breaking
and shortening of CNTs during melt mixing [9, 10]. Variability of mixing speed, mixing time,
shear application and absence of chemicals and solvents are the advantages of this method. The
resulting polymer composites undergo an insulator-to-conductor transition at certain filler
content called percolation threshold (®c) at which percolation behavior can be observed [11-15]
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after which their volume resistivity value gradually levels off and finally becomes constant. A
possible lowest percolation threshold is always kept in mind during the preparation of such
composite materials with desired physical properties and processability [16, 17]. However, low
®c value, enhanced electrical, mechanical and thermal properties in a same material at a time is a
difficult task which may become possible only by homogeneous dispersion of individual CNT
with a balanced filler—-matrix interaction [16-18]. Such a CNT dispersion is limited mainly by
their agglomeration carried out by strong van der Waals force of attraction between them and the
adhesion of polymer matrix to the filler particles. CNTs agglomeration causes spatial
imperfection in composites hampering the desired mechanical properties and reduces the matrix-
to-filler stress transfer [8, 19-21].. It also depends on the properties of polymer matrix, physical
parameters of CNTs such as aspect ratio, purity, type (single, double or multiwalled), perfection
of the walls, surface properties as well as synthetic and processing conditions [3, 22-26].

®c values in the range of 0.0021 to 15 wt.-% has been reported when CNTs are used as
conducting fillers in different polymer matrices [13, 25]. Ramasubramaniam et al. achieved low
percolation between 0.05 and 0.1 wt.-% of filler incorporating single-walled carbon nanotube
(SWCNTSs) into polystyrene and polycarbonate separately by solution casting method [27].
However, Sandler et al. reported ultralow percolation threshold at 0.0025 wt.-% CNTs dispersed
in epoxy system [28]. Similarly, Krause et al. reported ultralow percolation threshold at 0.04 wit.-
% of filler in polyamide 66/MWCNT composites prepared by melt mixing [26].

Increasing demand of flexible, electrical devices, sensors, and actuators provides the scientists
with keen research interest of piezoresistive materials [2]. These properties can be developed in
flexible, and deformable electrical conducting polymer composites [7, 30-33]. Deformability
makes their electrical resistance change by the destruction of conductive network due to
mechanical stress while flexibility makes them enable to regenerate the conducting network and
regain the same electrical resistance up on removal of stress [30, 33, 34]. Hence, a flexible and
deformable polymer matrix with CNTs as conducting filler makes this work possible [12, 31,
35]. In this connection, poly(butylene adipate-co-terephthalate) (PBAT), a commercial product
of BASF, available as Ecoflex®, an aliphatic-aromatic copolyester of terephthalic acid, adipic
acid and 1,4-butanediol is taken as polymer matrix. It is highly flexible (elongation at break =
700 % at 23 °C [36, 37], stretchable, and heat resistant, [38] a soft elastomeric polymer showing
excellent processability and mechanical properties [36-39]. Incorporation of CNTs as conductive
filler into it has been found to further improve the rheological, electrical, thermal and mechanical
properties of PBAT [36, 37, 40].

Hong et al. investigated physical characteristics of twin-screw extruded PBAT/MWCNTSs
nanocomposites of varying composition and found reinforcement in tensile strength and thermal
stability [37].

Similarly, Wu developed antibacterial and antistatic MWCNTs/PBAT composites [41]. Ko et al.
developed MWCNTSs/PLA/PBAT nanocomposites using a twin-screw extruder and investigated
their rheological and morphological properties [42]. Ding et al. prepared CNT/PBAT
biocomposites and studied their physical parameters such as creep recovery, stress relaxation,
and dynamic shear flow[35]. Amjadi et al. prepared thin film of patterned MWCNTSs/isopropyl
alcohol (IPA) solution and cast into PBAT matrix to apply it as flexible and stretchable strain
sensor [12]. Ryu et al. used PBAT sheet as a flexible substrate to grow highly oriented CNT
fibers and used this material to fabricate an extremely elastic wearable strain sensor [43]. Park et

3



al. developed a wearable strain sensor to monitor human health using CNTs films deposited on a
PBAT substrate by spray gun deposition method [44]. Many works regarding to the investigation
of strain-sensing behavior of graphene- and graphite-based materials have been reported in
literature [34, 45-48]. However, those nanocomposites showed much lower stretchability in
comparison to CNT-based strain sensors [35]. This problem can be overcome incorporating
CNTs into flexible PBAT whose sensing response can be varied controlling the CNT
concentration. It seems from the literature survey that piezoresistive properties of melt-mixed
PBAT/MWCNTSs nanocomposites are not investigated so far. Thus, investigation of electrical
properties, (volume resistivity and piezoresistivity) of the melt-mixed PBAT/MWCNTSs
nanocomposites along with their morphological and mechanical properties will be the objective
of this study. Investigation of strain-sensing behavior of optimized PBAT/MWCNTSs will be the
new insight.

2 Materials and Methods

2.1 Materials

The polymer matrix used in this work was poly(butylene adipate-co-terephthalate) (PBAT), a
commercially available aliphatic—aromatic copolyester (molecular weight Mw: 150,000 g/mol,
density: 1.27 g/cm?®, melt flow: 4.9 g/10 minutes, melting temperature: 120 °C, glass transition
temperature Ty: —30 °C) produced by BASF SE company with its trade name Ecoflex® F BX
7011. Similarly, multiwalled carbon nanotubes (MWCNTs) with trade name Nanocyl
NC7000™, a commercially available product of Nanocyl S.A. were used as filler.

2.2 Sample Preparation

PBAT granules and MWCNTSs were dried at 80 °C and 120 °C, respectively, for 24 hours using
Thermo Scientific™ Vacutherm vacuum heating and drying oven (Thermo Fisher Scientific
Inc.). PBAT was then melt-mixed with MWCNTs granules using a twin-screw micro
compounder, DSM15 (Xplore Instruments BV, Sittard, The Netherlands) at 180 °C with screw
speed of 200 rpm for 5 minutes. The MWCNTSs content were 0.5, 1, 3, 6 and 10 wt.-% and the
extruded strands obtained from mixing were chopped down. These samples were further dried at
80 °C for 24 hours from which standard circular specimens (discs) of 1 mm thickness and 6.5 cm
diameter were prepared by the process of compression moulding using PW40EH hot press (Otto-
Paul-Weber GmbH, Remshalden, Germany) at 180 °C (melting time: 1.5 minutes) applying the
pressure of 100 KN for 1 minute. Later, dumbbell specimens according to type S3 were cut
applying the force (load) of 1 kN. In the following, the PBAT/MWCNTSs nanocomposites
prepared by melt mixing followed by compression moulding are represented as PBAT / x wt.-%
MWCNT, where x stands for the weight fraction of the MWCNTSs.

2.3 Characterization Techniques
2.3.1 Spectroscopic Characterization

Fourier Transform Infrared (FTIR) Spectroscopy: FTIR spectra were recorded using Perkin
Elmer FTIR-2000 with diamond crystal and attenuated total reflectance (ATR) mode to study the
mixing of matrix and filler. Wavenumber range used to record the spectra and the resolution
were 500-4000 cm and 10 cm2, respectively.



2.3.2 Morphological Characterization

Scanning Electron Microscopy (SEM): Morphology of cryo-fractured surfaces of the composites
was analysed using a scanning electron microscope (Ultra plus microscope, Carl Zeiss GmbH,
Oberkochen, Germany). The SEM specimens were prepared by breaking each sample in liquid
nitrogen followed by sputter coating of the fracture surfaces by approximately ~80 nm thin film
of platinum.

Transmission Electron Microscopy (TEM): Morphology of ultra-thin sections (50 nm thickness)
of nanocomposites cut by an ultra-microtome at —100 °C and the CNT dispersion was
investigated using transmission electron microscope (TEM, LIBRA-120, Carl-Zeiss GmbH,
Oberkochen, Germany) with an acceleration voltage of 120 kV.

2.3.3 Mechanical Characterization

Tensile Test: Dog bone-shaped specimens (5 cm long and 1 mm thick, length and width of the
parallel part: 12 mm and 2 mm, respectively) cut from the compression moulded discs were
tested using ZwickRoell Z005 universal testing machine (ZwickRoell GmbH & Co. KG, Ulm,
Germany) to investigate stress—strain behavior of nanocomposites and that of neat polymer. The
specimens used were stretched at a crosshead speed of 1 mm/min in the low-strain range and at
50 mm/min else at 23 °C.

Microindentation Test: Five measurements of loads (F)—indentation depth (h) of each sample
were made at different positions of approximately 1x1 cm? and 1 mm thick specimen and the
average values are reported. The measurements were carried out using a Fischerscope H100C
recording microhardness tester (Helmut Fischer GmbH, Sindelfingen, Germany) equipped with a
pyramidal Vickers diamond indenter. The indenter was penetrated into the samples applying the
force of 300 mN at 23 °C rate of 15 mN/second for both loading and unloading cycles. Average
values of hardness parameters i.e. Martens hardness (HM), indentation modulus (Eir) and the
works of deformation i.e. elastic work (We), plastic work (Wp) and total work (Wi = We + Wp)
were determined from the F—h measurements.

2.3.4 Electrical Characterization

Measurement of Electrical Volume Resistivity: It was measured using Keithley electrometer
E6517A (Keithley Instruments, Solon, USA). Pressed plates (for highly resistive samples) and
ISO 527-2 standard dumbbell specimens according to type S3 cut from the pressed plates (for
conductive samples) were taken for the measurement. The electrometer was combined with
Keithley 8009 (Keithley Instruments, Solon, USA) for the samples with volume resistivity >10’
Q-cm. Similarly, samples with volume resistivity <10’ Q-cm were measured combining
electrometer with a 4-point test fixture having gold electrodes with a distance of 10 mm between
the measuring electrodes and a distance of 16 mm between the source electrodes.

Measurement of Piezoresistivity: Piezoresistive behaviour of the composites was measured using
Keithley DMM2001 (Keithley Instruments, Solon, USA) electrometer connected to a tensile
machine (Zwick/Roell 1456, ZwickRoell GmbH & Co. KG, Ulm, Germany) at 23 °C and 50 %
humidity. Tensile machine used here can apply the strain up to 300 % with the force of 1 kN
while Keithley 2001 can measure the resistance up to 20 MQ. The ISO 527-2 standard dumbbell
specimens according to type S3 were fixed in stainless steel clamps at their two heads. The two
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ends of middle part of the specimens (20 mm long) were connected to Keithley DMM2001 using
clamp wires and silver paste was used for better electrical contact and to reduce the contact
resistance between clamps and the samples. It was assumed that elongation occurs at the parallel
parts of specimens during the test. Previously, resistance of each specimen was measured
separately using a multimeter and the value was compared with initial value of resistance (at zero
tensile strain) measured by above mentioned device combination. Both of the resistance values
measured separately were found to be same. The two devices in combination were clicked at a
same time to run both of them together and the resistance change of the samples with
increasingly applied tensile strain and mechanical behavior were simultaneously recorded till
sample rupture. The relative resistance change (AR/Ro) of the samples were calculated using the
equation

AR/Ro = (R-Ro)/Ro 1)

where AR is the change in resistance of sample after applying a certain strain, R is the resistance
of sample at certain strain and Ro is the initial resistance of sample without any strain. The
recorded mechanical strain values are plotted against AR/Ro values to correlate the change in
electrical resistance with mechanical strain.

Cyclic Strain Test: It was carried out by the same set of above mentioned tensile machine and
electrometer used for the measurement of piezoresistive behavior. This test was performed at a
speed of 0.5 mm/minute applying maximum loading strain of 7 % for 15 cycles. At the end of
each loading and unloading, the test specimens were held free for 90 seconds for relaxation to
start the next cycle.

3  Results and Discussion
3.1 Structural Characterization
—Figure 1 -

FTIR spectra of neat PBAT and its composite samples are presented in Figure 1. Characteristic
peaks centered at 725 cm™ and at 1444 cm™ are due to —C—H; stretching and —C—Hs bending,
respectively [49, 50, 51]. Peak located at 1715 cm™ corresponds to the C—O stretching vibration
while peak at 1260 cm™ corresponds to carbonyl group (C=0) both of which are present in ester
linkage of PBAT [49, 50, 51]. Similarly, peak at 2957 cm™ is associated with symmetrical -C—H
stretching vibration of aromatic and aliphatic groups [49, 50] and the peaks around 1500 cm™
correspond to aromatic rings [51, 52].

All of the above mentioned peaks are exhibited due to functional groups and chemical bonds
present in the polymer matrix alone. Neither new bands nor significant shift of peak position in
the nanocomposites compared to the neat matrix can be observed. The polymer matrix displayed
exactly the same spectra as all the nanocomposites indicating the absence of any chemical
interaction between filler and matrix and implying that the interaction is only of physical nature.



3.2 Morphological Characterization
— Figure 2 —
— Figure 3—

Scanning electron microscopy (SEM) was used to analyze the fracture surface morphology of the
samples and the dispersion of MWCNTSs in polymer matrix. SEM micrographs presented in
Figure 2a and 2b show that filler particles are uniformly dispersed throughout the polymer matrix
forming an interconnected network structure. From SEM micrographs, however, any aggregation
of MWCNTSs and changes in the network density with higher weight fraction of filler is hardly
detectable. To analyze the formed conductive network, transmission electron microscopy (TEM)
and volume resistivity measurements (an indirect method) were employed. The morphology of
composites can be correlated to the electrical conductivity of composites.

TEM was used to investigate the dispersion and orientation of CNTs, and network formed in
polymer matrix taking a thin section of composites. TEM micrographs presented in Figure 3
show the homogeneous mixing of MWCNTSs in polymer matrix with partial aggregation
(highlighted in circles). The CNT particles seem to be gathered to some extent rather than
completely dispersed as individuals. However, uniformly distributed interconnected individual
tubes and agglomerates both contributing to form a network structure can be observed.
Comparative observation of micrographs presented in Figure 3a and 3b suggests the higher
agglomeration with higher filler content. The agglomeration is caused by the strong van der
Waals force of attraction between filler particles.

3.3 Mechanical Characterization — Tensile Test
— Figure 4 —
—Table 1 -

Tensile stress—strain curves of the nanocomposites containing different wt.-% of filler along with
that of pure PBAT are shown in Figure 4 (the data of all samples are compiled in Table 1). These
curves can be differentiated with respect to tensile strength, strain at break and their initial slopes
correlated with filler content. All of the composite samples break in the strain range of 105 — 530
% while the pure PBAT broke above 588 % strain showing a large plastic deformation and
tensile strength of 21.5 MPa (Table 1). Neat PBAT performs highly ductile nature (elongation at
break >400 %) and all of the composites perform ductile nature (elongation at break >100 %.
[49]. In the high-strain range, it can be observed that the mechanical performance of the
composites with respect to tensile strength as well as strain at break worsen with increasing filler
content. Agglomeration of filler particles as well as formation of cracks and voids in the
composite materials might have occurred with increasing filler content due to strong van der
Waals force of attraction between CNT particles and their non-wetting (to some extent) by
polymer matrix. In the low-strain range, however, an improving trend in stress level and tensile
modulus of the composites can be observed with higher content of MWCNTS (as clearly shown
in stress—strain curves in the insert of Figure 4). The increasing initial slope of stress—strain
curves implies that elastic modulus of the composites increases with filler concentration in the
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nanocomposites. Tensile strength of 12 MPa and strain at break of about 350 % of PBAT/10 wt.-
% microcrystalline cellulose composites are reported by Giri et al. [49]. Moustafa et al. have
reported a tensile strength of 11.3 MPa and strain at break of 304 % of PBAT/10 wt.-% torrefied
coffee ground composites [53] while PBAT/10 wt.-% MWCNT composites of this work exhibit
tensile strength and strain at break of 15.3 MPa and 105 %, respectively. Similarly, Pinheiro et
al. has reported the values of 21.5 MPa and 710.6 % tensile strength and elongation at break,
respectively, from the investigation of composites based on PBAT and 3 wt.-% octadecyl
isocyanate-modified cellulose nanocrystals [54]. On the other hand, PBAT/3wt-% MWCNT
composites investigated in this work possess the values of 18 MPa and 374 %, respectively.
Hence, MWCNTs seem better reinforcing fillers in comparison to coffee grounds and
unmodified microcrystalline cellulose despite of the opposite performance in comparison to
modified cellulose nanocrystals.

3.4 Mechanical Characterization — Microindentation Test

The different parameters including corresponding standard deviations are presented in Table 2.
Variation in Martens hardness (HM), indentation modulus (Eit) and maximum indentation depth
(hmax) of neat PBAT and the PBAT/MWCNTSs nanocomposites are presented in Figure 5a. From
the plot, increasing trend in the value of Martens hardness and those of indentation modulus and
the decreasing trend in maximum indentation depth values with increasing filler content in
nanocomposites can be observed. It suggests the reinforcement of nanocomposites by the
dispersed filler particles.

—Figure 5 —
—Table 2 -

The Martens hardness values do not increase continuously with CNTs content although they are
in overall increasing trend. Neat PBAT and the nanocomposites with 0.5 % filler has the lowest
Martens hardness values (~6.8 N/mm?) with highest indentation depth values (=39 um) and
indentation modulus values (~122 MPa). Martens hardness values are found to decrease at
highest filler weight fractions of 10 wt.-%. It may be caused by the formation of voids, cracks
and agglomerates above electrical percolation threshold and overfilling of filler particles,
respectively. However, the values of indentation modulus and maximum indentation depth are in
continuously increasing and decreasing trend, respectively, except in the filler concentration
< 1 wt.-%. The maximum Martens hardness value (12.2 N/mm?) is recorded at 6 % filler content
with maximum indentation depth of 32.4 pm and indentation modulus of 182 MPa. This value of
HM is almost double in comparison to that of pure polymer matrix. However, the minimum
indentation depth value (30.8 um) is at 10 % filler content with maximum indentation modulus
value (212 MPa). These results signify that maximum indentation depth and indentation modulus
values mainly depend on filler content while HM values depend on energy dissipation and filler
agglomeration (morphology) processes overlying the effect of filler weight fraction. The
standard deviation of all parameters (HM, Eirand hmax) is remarkably high at 1 % filler content
after which it is in decreasing trend revealing that the rate of MWCNTSs agglomeration is not so
high even in 10 wt.-% filler. Compared to other PBAT composites the microindentation behavior
of PBAT is the most improved by incorporating MWCNTs. At 10 wt.-% filler, adding of
MWCNTSs results in HM and Er values of 10.8 N/mm? and 212 MPa (in this study) compared to



8.8 N/mm? and 165 MPa for PBAT/microcellulose [49] and 6.0 N/mm? and 104 MPa for
PBAT/nanocellulose [55], respectively.

Similarly, work done by elastic and plastic deformation (We and Wp) during microindentation test
of neat PBAT and PBAT/MWCNTs nanocomposites are presented in Figure 5b. The work done
by elastic and plastic deformation seems to be inversely correlated i.e. the values of work done
by elastic deformation increase if the values of work done by plastic deformation decrease for
lower filler fraction and in the reverse way for higher filler fraction. The values of work done by
elastic deformation and that by plastic deformation with their standard deviations are presented
in Table 3.

— Table 3 -
3.5 Electrical Characterization — VVolume Resistivity

Volume resistivity of the composites depends on electrical percolation and state of dispersion of
conductive fillers and the formation of conductive network in the polymer matrix. It is an
indirect method to generate information about conductive network and the state of dispersion of
filler particles. As shown in Figure 6, the composites with 0.5 wt.-% CNTs is electrical non-
conductive (volume resistivity: 1.3x10'® Q.cm) but that with 1 wt.-% CNTs is conductive with
quite low volume resistivity (4.6x10° Q-cm). Similarly, all of the composites above 1 wt.-%
CNTs are found to be electrical conductive. Volume resistivity values (Table 4) of these
conductive composites show that they can be applicable for sensors [56]. Hence, the percolation
threshold of PBAT/MWCNTSs nanocomposites occurs between 0.5 and 1 wt.-% of MWCNTSs
which is a quite low percolation threshold. Agglomeration of CNT particles increases percolation
threshold and affects electrical and mechanical properties of nanocomposites because these
phenomena reduce the number of contacts between filler particles during the formation of
conductive network.

The volume resistivity of PBAT / 1 wt.-% MWCNT composites is lower than that of PBAT /0.5
wt.-% MWCNT composites by 8 decades. Higher filler contents just gradually decreased the
volume resistivity, which confirms that a perfect conductive network has already been formed at
1 wt.-% filler concentration [6]. The corresponding values of volume resistivity at different filler
content are tabulated in Table 4.

As suggested by volume resistivity values, insulator-to-conductor transition of the composites
occurred between 0.5 and 1 wt.-% filler concentration . Such a transition and continuously
decreasing volume resistivity value (almost levels off after 3 wt.-%) with rising filler content
indicates homogeneous filler distribution throughout the matrix forming a more and more perfect
conductive network. Beyond 3 wt.-% filler content, the volume resistivity corresponds to the
increasing network density in the composites [48].

— Figure 6 —
— Table 4 —

Agglomeration of CNTs also contributes to the electrical conductivity; however, reduce the
homogeneity in the formation of 3D conductive network throughout the matrix surface and in the
cross section which is essential for the isotropic conductivity of nanocomposites. Formation of a

9



homogeneous network throughout the resulting composites will have more pronounced effects
on their mechanical properties than individually dispersed particles or agglomerates. However,
the dispersion and the conductivity of individual CNT particle cannot be correlated directly to
the electrical properties of nanocomposites because other factors such as length and diameter of
nanotubes, curvature, synthesis methods and conditions, mixing parameters such as mixing time
and speed, temperature and pressure etc. equally affect the electrical properties of resulting
nanocomposites.

3.6 Electrical Characterization — Piezoresistance

The resistance of PBAT/MWCNTs nanocomposites was measured up on increasing tensile
strain. Change in electrical resistance of nanocomposites as a function of strain applied and
initial resistance (Ro) is presented in Figure 7a (lower-strain regime) and Figure 7b and 7c
(higher-strain regime). The nanocomposites having filler concentration above percolation
threshold (i.e. 1, 3, 6 and 10 wt.-%) were taken for the measurement to investigate their
piezoresistive behavior. Exponential change of AR/Ro values with increasingly applied strain
during tensile measurement confirms the piezoresistive behavior of composite materials [14, 15].
The change in resistance with increasing strain applied was measured till sample rupture. The
entire (wide) range of measurement of the nanocomposites can be deduced from the plots
presented in Figure 7a, 7b and 7c. The nanocomposites with 1, 3, 6 and 10 wt.-% of MWCNTSs
exhibit elongation at break of 334, 219, 153 and 45 %. Increasing trend of resistance of each
sample with increasing elongation tensile strain with respect to their original resistance (Ro) is
observed which is caused by the disconnection of CNTs, deformation of individual CNT,
resulting increasing tunneling resistance and complete or partial destruction of conducting filler
network during strain application on flexible composite materials [12, 44] (as shown in Figure
7c, the breakdown of the filler network occurs at elongations very smaller than the strain at
break).

Closer view of the plot in Figure 7a suggests that the composites with 1 wt.-% MWCNTSs show
no increase of AR/Ro values after 1 % strain suggesting very early damage of percolation
network. However, nanocomposites with 3 wt.-% filler increases most sharply which means that
CNT network is the weakest among them (excluding the 1 wt.-% composites) with a highest
value of initial resistance (Ro) in comparison to other composites. Maximum AR/Ro values of 20
and 200 of this nanocomposite at elongation strain of 0.9 % and 7.5 %, respectively, are
suggested (Figure 7a and 7b). Composites with filler concentration close to percolation threshold
show higher piezoresistivity than that with higher filler concentration because network density
increases with higher filler concentration after percolation and the rate of CNTs disconnection up
on applied strain decreases. Meanwhile, higher stiffness with higher filler concentration
decreases the stretchability of materials. The piezoresistive curve of the samples at strain ranges
smaller than 1.1 % can be divided into two major regions [43, 46]. They are marked as region A
and region B (and an A-B transition at about 0.6 % strain between) in Figure 7a. The region for
strain higher than 1.1 % is designated as region C (Figure 7b). AR/Ro values increase in a linear
way with respect to increasing strain in region A, where the relatively low AR/Ro values per %
strain ranges from about 4 to about 9 % (Table 5) for 3 — 10 wt.-% MWCNT (and a value of 31
for 1 wt.-% MWCNT). Very low strain value is effective in this region to cause the resistance
change and increase in resistance is caused by separation of filler particles from single or few
conductive paths in this region. Rearrangement of CNTs forming new electrical paths can also
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occur because of the flexible nature of PBAT. The total resistance of the composites is not only
determined by nearby CNTs with direct contact but also by PBAT molecules located between
neighbored CNTs which still allow tunnelling of electrons. In this region, the rate of
disconnection of CNTs is slightly higher than their internal rearrangement. Similarly,
deformation of individual CNT as well as partial destruction of conducting paths can be assumed
in region B in which resistance tends to increase in a linear way while complete destruction and
sample failure up to its rupture is occurring in region C. In region C with strain higher than 1.1 %
the resistance can increase even exponentially (observed for 3 and 6 wt.-% MWCNTS) [34, 44,
46]. Both in the region B and the region C the nanocomposites having different filler fraction can
be clearly distinguished (Figure 7a and 7b). In region B, the AR/Ro values per % strain are higher
than those in region A ranging from about 90 (PBAT/ 1 wt.-% MWCNT) via 49 (PBAT/ 3 wt.-%
MWCNT) up to about 12 (PBAT/ 6 wt.-% MWCNT), but it is about zero for the composite with
the highest MWCNT content (PBAT/ 10 wt.-% MWCNT) (Table 5). This trend of
piezoresistivity leads to the conclusion that the conductive network with low filler concentration
(near to percolation) is easy to destruct and more sensitive to the applied strain.

—Figure 7 —

Above 0.6 % strain, the change in resistance of 10 wt.-% nanocomposite seems to be almost
constant, i.e. the resistance is strain-insensitive for this nanocomposite for higher strain. It
corresponds to the high network density of the CNT network, increasing stiffness and decreasing
stretchability of the nanocomposites. Filler aggregation and their uneven distribution may have
also occurred at higher filler concentration. These phenomena affect the flexibility and
stretchability of polymer matrix. These results are in agreement with the observations from
tensile test and TEM.

— Table5 —

Hence, the nanocomposites prepared are found to be piezoresistive in nature whose sensing
response can be altered by controlling the filler content as well as by limiting the applied tensile
strain. Such a strain-dependent electrical response even at lower-strain regime indicates the
strain-sensing capacity of these materials. High flexibility of PBAT/MWCNTs makes them
applicable for low-strain deformation sensing purpose.

3.7 Electrical Characterization — Cyclic Strain Test

Reproducibility and stability of strain-sensing behavior of materials can be confirmed by the
cyclic strain test. Therefore, cyclic strain test was performed using the PBAT/ 3 wt.-%
MWCNTSs composites (Ro = 51.2 Q) in addition to the static stress—strain.

— Figure 8 —

Mechanical strain of 0.5 % (just after linear change of AR/R¢ values in Figure 7a and 7b)) and
7% (below vyield stress) were separately applied on these composites for cyclic strain
experiment. The AR/Ro versus time with 0.5 % strain application in cyclic experiment decreased
continuously which was independent of time and the cycles of experiment (results are not
presented here). It was due to the relaxation and conditioning effect of the composites with low-
strain application by which resistance of the composites decreased instead of its expected
increment [14]. Figure 8 presents the plot of AR/Ro, strain and stress versus time applying 7 %
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strain in maximum during cyclic strain experiment. Maximum and minimum values of AR/Ro
gradually decreased with the increasing number of cycles which is due to the irreversible
detachment of adjacent CNTs with increasing strain. The largest difference of maximum and
minimum AR/Ro values seems while moving from first to second cycle (up to 550 seconds)
carried out by the minimum unrecoverable, plastic type of deformation of PBAT during the test.
However, change in AR/Ro values seems the most stable from second to fourth and again from
fifth to seventh cycles (from 500 to 3000 seconds) as shown in Figure 8b. It further decreases
and again becomes stable in last few cycles with a small difference of maximum and minimum
AR/Rq values. From closer view of Figure 8b, it is revealed that change in AR/Ro values is not
perfectly strain controlled even in the most stable cycles regardless its overall trend. Despite of
higher range of strain and stress, it seems to be constrained within 2-5 % strain and 1.5-4 MPa
stress range. Hence, minute investigation of AR/Ro change particularly with in these strain and
stress range can determine the extent of stable piezoresistive behavior of these materials.

4  Conclusion

Dispersion of MWCNTSs into PBAT matrix via melt mixing followed by compression molding
produced flexible electrical conducting and piezoresistive PBAT/MWCNTS nanocomposites
with partial filler aggregation.

PBAT was found to be conductive by the incorporation of only 1 wt.-% of CNTs into it
confirming a relatively low percolation threshold (between 0.5 and 1 wt.-% filler).

Analyses of FTIR spectra of the nanocomposites in comparison to that of neat polymer matrix
revealed the physical filler—matrix interaction as a binding force for the formation of continuous
interconnected nanocomposite morphology with partial aggregation as suggested by SEM and
TEM, respectively.

Mechanical reinforcement of the PBAT by the MWCNTSs was confirmed by microindentation
and tensile measurements. Tensile results showed highly ductile behavior of both PBAT and
resulting PBAT/MWCNTSs nanocomposites.

Strain-dependent electrical response (piezoresistivity) of the composites above percolation
threshold has been confirmed by the exponential increase of relative resistance change with
mechanical strain signifying their strain-sensing applications tuned by filler concentration and
strain range. The results of cyclic strain experiments demonstrated the stability and
reproducibility of strain sensing behavior of the composites only at low-strain range.
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Captions of the Figures

Figure 1: FTIR spectra of PBAT and PBAT/MWCNTSs nanocomposites (the spectra are shifted
along y-axis for better visibility).

Figure 2: SEM micrographs of PBAT/MWCNT nanocomposites with different filler content: 3
wt.-% MWCNT (a) and 10 wt.-% MWCNT (b).

Figure 3: TEM micrographs of PBAT/MWCNT nanocomposites with different filler content
under different magnification: 3 wt.-% MWCNT (a, c¢) and 10 wt.-% MWCNT (b, d).
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Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Tensile stress—strain curves of PBAT and the PBAT/MWCNTSs nanocomposites with
different filler content.

(@) Variation of Martens hardness (HM), indentation modulus (Eir) and indentation
depth (hmax) and (b) variation of work done by elastic deformation (We) and plastic
deformation (W) of PBAT/MWCNTS nanocomposites as a function of filler content.

Plot of volume resistivity vs. filler content of PBAT/MWCNT nanocomposites.

Piezoresistive behavior of PBAT/MWCNTSs nanocomposites (a) at lower-strain range
and (b, c) higher-strain range.

Cyclic strain test of PBAT/3 wt.-% MWCNT composites at wide regime (a) and
close regime (b).
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Tables

Table 1: Mechanical properties of PBAT and the PBAT/MWCNTs nanocomposites
determined by tensile test.

Sample Tensile modulus Tensile strength Strain at break

(MPa) (MPa) (%)

Neat PBAT 115.8+£10.2 21545 588 + 152

PBAT /0.5 wt.-% MWCNT 107.9+4.6 21.2+05 530+ 11

PBAT /1 wt.-% MWCNT 1124+ 4.6 18.7+0.9 467 + 26

PBAT / 3 wt.-% MWCNT 145.0+ 4.5 18.0£0.6 374+ 19

PBAT /6 wt.-% MWCNT 162.6 £4.8 16.5+0.5 251 + 26

PBAT /10 wt.-% MWCNT 195.7 + 16.5 153+1.8 105+ 12

Table 2: Mechanical properties of PBAT and the PBAT/MWCNTs nanocomposites
determined by microindentation test.

Sample HM (N/mm?) Eir (MPa) Nmax (um)
Neat PBAT 6.84 +0.30 1224+ 6.8 38.56 + 0.85
PBAT /0.5 wt.-% MWCNT 6.78 £0.12 121.4+2.8 38.74+£0.33
PBAT /1 wt.-% MWCNT 8.46 £ 0.52 116.8 £9.0 38.94 +1.18
PBAT /3 wt.-% MWCNT 8.20+£0.19 1524 +54 35.22 £ 0.40
PBAT / 6 wt.-% MWCNT 12.18 £0.30 181.7+4.3 32.41 +£0.39
PBAT /10 wt.-% MWCNT 10.76 £ 0.26 211.9+6.6 30.75 +£0.37

Table 3:  Work done by elastic and plastic deformation (We and W,) of PBAT and the
PBAT/MWCNTSs nanocomposites determined by microindentation test.

Sample We (nJ) W, (nJ)

Neat PBAT 2864 + 121 1082 £ 23

PBAT /0.5 wt.-% MWCNT 2899 + 42 982+ 10

PBAT /1 wt.-% MWCNT 3075+ 182 948 + 11

PBAT /3 wt.-% MWCNT 2459 + 104 1091 + 84

PBAT / 6 wt.-% MWCNT 2226 + 27 1049 + 18

PBAT /10 wt.-% MWCNT 1965 + 40 1168 + 30

Table 4:  Electrical volume resistivity (including standard deviations) of PBAT and the
PBAT/MWCNTSs nanocomposites.

Sample Volume resistivity (Q-cm)

Neat PBAT 8.8x10% + 6.4x10%?

PBAT /0.5 wt.-% MWCNT 1.3x10% + 5.6x10%

PBAT /1 wt.-% MWCNT 4.6x10° + 2.7x10°

PBAT / 3 wt.-% MWCNT 3.5x10% + 6.0x103

PBAT / 6 wt.-% MWCNT 1.3x10° + 1.4x10*

PBAT /10 wt.-% MWCNT 1.6x102 + 9.3x10?
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Table 5:  AR/Ro per % strain of PBAT and some PBAT/MWCNTSs nanocomposites according
to the regions in Figure 7a.

Sample A-B transition (% strain) AR/Ro per % strain
Range Intersection point Region A Region B
PBAT /1 wt.-% MWCNT 0.48 - 0.53 0.49 31.22+526 89.55+1.45
PBAT / 3 wt.-% MWCNT 0.34-0.75 0.60 790+£0.37 48.99+1.35
PBAT /6 wt.-% MWCNT 0.48 - 0.64 0.53 4.07+0.07 12.02+0.12
PBAT / 10 wt.-% MWCNT 0.48 - 0.64 0.63 9.38+0.19 ca. 0
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