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Abstract: This paper deals with a comparative study of the effect of carbon nanotubes (CNTs) and
expanded graphite (EG) on the thermal, mechanical, morphological, electrical, and piezoresistive
properties of poly(ethylene-co-methacrylic acid) (EMAA) nanocomposites. To this end, different
amounts of carbonaceous fillers (5, 10, 15 wt% of CNT and 10, 15, 30 wt% of EG) have been added to
the EMAA thermoplastic matrix. The electrical percolation threshold (EPT) was determined to know
the percentages of nanofillers capable of forming a continuous electrical conductive network through
the matrix. The thermogravimetric analysis (TGA) highlights that the conductive network behaves
like a protective mesh against thermo-oxidative degradation. Differential scanning calorimetry (DSC)
evidences how the presence of carbon nanoparticles affects the crystallinity of the EMAA matrix.
From a mechanical point of view, the stress-strain curves, the storage modulus, and the graph of tan
8 demonstrate that both the fillers determine an enhancement in the Yang and storage moduli and in
the glass transition temperature. A quantitative comparison between the different fillers evidences
greater improvements for the bidimensional nanofiller, most likely due to the cumulative effect of
more extended filler-matrix interactions. Field Emission Scanning Electron Microscopy (FESEM) and
Tunnelling Atomic Force Microscopy (TUNA) were used to study the interaction between the filler
nanoparticles and the polymeric chains of the hosting thermoplastic matrix. Among all the
experimented filler concentrations, EMAA 10% CNT and EMAA 15% EG have been selected for
studying the piezoresistive response of the formulated nanocomposites. The electrical parameters
were found to depend sensitively on the aspect ratio and the structural and morphological features
of the nanofillers. A very relevant difference was detected in the Gauge Factor (G.F.) of the two
typologies of nanocomposites. The G.F. of EMAA 10% CNT and EMAA 15% EG, were found to be
0.5 and 165, respectively.

Keywords: carbon nanotubes; expanded graphite; strain sensitivity; soft nanocomposites

1. Introduction

Poly(ethylene-co-methacrylic acid) (EMAA) is a thermoplastic soft material present on the
market in the forms of copolymers and ionomers. Its chemical structure is characterized by the
presence of carboxyl groups along the backbone of the macromolecules. More in detail, EMAA has a
block structure made of segments of poly(ethylene)(E) and polymethacrylic acid (MAA). The
characteristic elasticity of EMAA is due to the E-segments that favor a partial recovery of the initial
shape, while the MAA segments containing carboxylic groups establish intermolecular chemical

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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interaction (i.e., hydrogen bonds). In the case of ionomers, the acid groups are partially neutralized
by metallic ions such as Sodium (EMAA_Na) or Zinc (EMAA_Zn) ions responsible for ionic cross-
links [1] . EMAA copolymer and its ionomers have attracted a lot of interest in the research field
because of their peculiar self-healing and shape memory properties [2,3]. The mobility of the E-
segment, coupled with the strong attraction of MAA segments, allows the reduction of delamination
of composites [4], to repair damage and improve energy dissipation during impact [5]. This is the
reason why EMAA has been widely applied as self-healing material in epoxy resin [6-9] and in
glass/carbon fiber composites [7,9-13] to mitigate costly maintenance of aeronautical vehicles,
facilitate repair of difficult-to-access structures (e.g., wind-turbine blades), and reduces part
replacement. More recently, Snyder et al. [14] used the Fused Filament Fabrication (FFF) process to
locally depose beads of EMAA into a glass fiber and carbon fiber reinforced panel to impart self-
healing function to the final composite structure, demonstrating the possibility of processing this
material with Additive Manufacturing (AM) technologies. EMAA has been revealed to be a valuable
and advantageous component that is also blended with other thermoplastic polymers. Blending
thermoplastic materials is a common practice in the industrial and research fields to combine the
benefits of two or more materials [15]. As proof of this, EMAA has been blended with polyethylene
(PE) to improve adhesion properties and obtain a matte surface for packaging applications [16]. It has
been demonstrated that only 3 wt% of EMAA copolymer is sufficient to make 3:1 mass ratio of
polyethylene terephthalate (PET) bottles and polyethylene bags compatible for the recycling of plastic
wastes [17]. Poly(e-caprolactone)/EMAA-Zn blend has been studied to merge PCL diffusion with
thermo-responsive shape memory, ionic interactions, and supramolecular bonds of EMAA-Zn to
obtain a final material of healing efficiencies between 90% and 96% [18].

However, EMAA could be a good candidate for strain sensor applications due to its high
stretchability. To the author's knowledge, only a few papers are focused in the literature on EMAA
nanocomposites for self-sensing applications. Using nanoparticles is one of the most effective
strategies to add the self-sensing function to EMAA polymer [19,20]. Carbon nanotube (CNT) [21-
23], expanded graphite (EG) [24-26], short carbon fibers [27,28], carbon black [29,30], metallic and
ceramic nanoparticles [31-33] are the most used filler for improving the electrical, thermal and
mechanical properties of the thermoplastic matrix and to confer smart functions to the resulting
nanocomposite materials. Basuli et al. [34,35] were among the first researchers interested in EMAA-
CNT nanocomposites. The authors focused their attention on morphological, thermal, and
mechanical characterization. Cohen et al. [36] performed an investigation a few years later, trying to
lower the electrical percolation threshold by non-covalent compatibilization of the EMAA matrix and
CNT with 4-(aminomethyl)pyridine. The applications mentioned in their work are antistatic
packaging, electromagnetic interference shielding films, conductive inks, paints, and a conductive
coating on top of polyolefin matrices. Another example of EMAA nanocomposite is given by Tita et
al. [37], who exploited zirconate titanate as a piezoelectric active filler (PZT) to develop reliable
piezoelectric strain sensors applicable over an extensive temperature range, from liquid nitrogen
temperature to the cure temperature of high-performing polymer matrix composite materials, for in
situ health monitoring of aircraft components. Lastly, the only example of piezoresistive
characterization of the EMAA-CNT system is provided by Hia et al. [38]. In their work, the authors
used fused filament fabrication (FFF), an AM technology, to customize and directly depose on a glass
fiber composite an EMAA-CNT-based piezoresistive sensor for structural health monitoring (SHM)
applications, obtaining a minimal sensor hysteresis after twenty flexural load-unload cycles. Based
on this example and the literature review, the present paper aims to cover the lack of EMAA
nanocomposites for strain monitoring by comparing two different systems: CNT and EG-based
EMAA nanocomposites. The differences and the common points between them have been evidenced
and investigated through a dense and in-depth correlation between thermal, mechanical,
morphological, electrical, and piezoresistive results.

2. Materials and Methods
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EMAA copolymer (CAS#9010-77-9) has been provided by Scientific Polymer Products, Inc. (Sp2)
(Ontario, NY, USA). Carbon nanotubes (CNTs) and Expanded graphite (EG) used in the present
paper were supplied by ARKEMA (GRAPHISTRENGTH C100) and by Superior Graphite Co
(Chicago, Illinois, USA), respectively. The authors have calculated the aspect ratio of these two fillers
in previous work; it is around 1000 for the CNT and between 1128 and 3541 for EG [39].

EMAA nanocomposite blends were obtained by mixing overnight dried pristine EMAA
copolymer in the form of pellets with nanofiller powder in a twin counter-rotating internal mixer
(Rheomix 600 Haake, Germany) connected to a control unit (Haake PolyLab QC). The mixing
temperature, rotation speed, and mixing time were 150°C, 50 rpm, and 10 min, respectively. These
process conditions are common to all prepared blends. Then, nanocomposite materials are obtained
in sheets of about Imm thickness via the compression molding process, for which a Carver press
(Wabash, IN, USA) was used. Thermo-gravimetric analysis (TGA), differential scanning calorimetry
(DSC), and dynamic mechanical analysis (DMA) have been performed using the equipment and the
methods described in Table 1.

Table 1. Equipment and methods of TGA, DSC, and DMA analysis.

Analysis Device Method

TGA Mettler TGA/SDTA 851 (Mettler- Temperature range from 25°C to
Toledo 900°C, in air, heating rate 10°C/min
Columbus, OH, USA)

DSC Mettler DSC 822/400 (Mettler- Temperature range from -20°C to
Toledo Columbus, OH, USA) 115°C, heating and following cooling

scan at 10°C/min.

DMA DMA 2980 TA instrument (New Tensile mode at 1Hz frequency, from
Castle, DE 19720, USA) -60°C to 105°C, at 3°C/min

FESEM micrographs of the printed samples were acquired using the equipment and procedures
described in Ref. [40]. Before the FESEM investigation, the samples were subjected to a procedure to
remove part of the polymeric matrix using an oxidizing solution (etching solution), according to
Ref.[41]. The etching treatment used for the FESEM investigation was also adopted to prepare
samples for the TUNA investigation, which was performed via NanoScope Analysis 1.80 (Build
R1.126200; Bruker, Billerica, MA, USA). The optimized parameters for this technique are reported in
Table S1 of the Supplementary Materials (S.M.). TUNA images were elaborated according to Ref
[42].

Electrical conductivity was measured for all the experimented EMAA nanocomposites
according to Ref. [43]. Piezoresistive properties were investigated during the tensile test. The
mechanical response was monitored by an INSTRON dynamometer (series 5967 INSTRON,
Norwood, Massachusetts, USA) equipped with a long stroke extensometer (XL) 750 mm to measure
the real sample strain. A 1 mm/min strain rate was applied to specimens (dimensions: 0.1x10x1 cm?).
Two-wire electrical resistance variation during the tensile test was measured by a Multimeter 3458 A
(Agilent, Santa Clara, CA, USA) coupled with a designed Labview program with an acquisition
frequency of 2 Hz.

3. Results and Discussion
3.1. Electrical Properties


https://doi.org/10.20944/preprints202505.0157.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 May 2025

The electrical conductivity to the EMAA matrix has been imparted by adding CNT and EG filler
in different concentrations in such a way as to investigate the region near the electrical percolation
threshold (EPT), which ranges from the point where the electrically conductive network starts to form
till it is entirely built. Figure 1 shows the electrical conductivity (oe) as a function of the filler
concentration (%wt./wt.). A considerable increase in electrical conductivity is obtained by adding
conductive fillers in percentages equal to or higher than 5% for CNTs and 10% for EG.
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Figure 1. Electrical percolation thresholds of EMAA-CNT nanocomposites and EMAA-EG nanocomposites.

The electrical conductivity passes from 106 S/m of the insulating polymeric matrix alone [44] to
2.6 S/m for 15 wt% of CNT and 0.41 S/m for 30 wt% of EG. The insulator-to-conductor transition
happens only when a continuous conductive path allows the electron to flow through the material
[45]. According to the electrical percolation threshold theory, the inter-particle distances must be
sufficiently near the so-called "tunneling distance" to allow an appreciable electrical current flow
[46,47]. In the two cases studied herein, the insulator-to-conductor transition occurs below 5 wt% for
CNT-based nanocomposites and below 10 wt% for EG-based nanocomposites. The difference in the
EPT values is most likely attributable to the different number of functional groups on the edges of
the two types of fillers and their shape [48]. As regards the first aspect, based on the characterization
of the nanofillers summarized in the Supplementary Materials (5.M), a higher content of oxygen was
detected for EG than CNT, meaning that on the edge surface of EG nanoparticles, there is a larger
number of oxygenated functional groups which reduces the electrical conductivity increasing the
electrical percolation threshold value [39]. Moreover, although both nanofillers show a high aspect
ratio (about 1000), the EG is classified as a 2D particle, while a CNT is a 1D nanoparticle (second
aspect). Concerning the first aspect, the elemental composition, evaluated through X-ray
Photoelectron Spectroscopy (XPS), provides a value of the ratio C/O of 74.76 for the CNT filler and
35.10 for the EG (see Figure S1 c and Figure S2 c, respectively).

From Transmission electron microscopy (TEM) images shown in the S.M. section, CNTs (see
Figure S1d) appear as long and interconnected bundles like ropes, while EG nanoparticles (see Figure
52d) have a sheet-like shape. The rope structure of the CNTs allows the formation of a conductive
network at a lower concentration of the filler than that obtained for the 2D nanofiller; similar results
were obtained with nanocomposites based on a thermosetting matrix [43]. Electrical results are
corroborated by the SEM investigation described in the following paragraph.

3.2. Morphological Investigation: SEM Images
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Figure 2 shows SEM images of EMAA nanocomposites in correlation with their relative
electrical conductivity values. An oxidizing treatment was performed on the samples before
morphological investigation to make nanofiller particles more visible. The main aspect to be
underlined is the increase in the density of the CNT (Figure 2a,b,c) and EG (Figure 2d,e,f) network
by increasing the filler content. CNTs appear to be distributed over the entire sample surface,
especially in Figure 2c, for the highest analyzed filler content, for which the sample is beyond the
EPT value. In Figure 2a, b, CNTs are less densely distributed, justifying the lower conductivity. In
the same way, according to the EPT of EG-based nanocomposites (Figure 1), the conductive network
starts to form at 10 wt% when EG particles begin to be sufficiently closer (Figure 2d). Increasing the
filler content reduces the insulating regions between EG particles, making them better
interpenetrated into the matrix (Figure 2f).

(b) o0=3.5*10"S/m

(d) o©=5.7*10%S/m () o=53"102S/m

B W >

Figure 2. SEM images of EMAA nanocomposites and their electrical conductivity values: a) EMAA 5% CNT;
b)EMAA 10% CNT; c) EMAA 15% CNT; d) EMAA 10% EG; e) EMAA 15% EG; f) EMAA 30% EG.

Moreover, SEM evidences the role of filler shape in constructing the conductive path. The rope-
like shape of CNT allows for the easy creation of contact points along with one CNT with the adjacent
ones. In the case of EG filler, the sheet-like shape requires a higher concentration of filler content to
build a continuous conductive path. This condition is evident when comparing Figure 2c with Figure
2e where the matrix is loaded with the same filler concentration (i.e., 15% CNT and 15 %EG,
respectively). Insulating zones of the polymeric matrix are not detectable in the EMAA 15% CNT
system.

In comparison, some EG particles appear sufficiently far apart in the EMAA 15% EG sample to
hinder the electrical current flow. These results perfectly agree with those related to the
thermogravimetric analysis commented on in the next section.

3.3. Thermal Analysis
3.3.1. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was carried out to evaluate the effect of the two typologies of
nanofillers and their percentage on the thermal stability of the EMAA polymer, as previously done
with a thermosetting polymeric matrix [49]. Figure 3 shows the TGA and derivative
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thermogravimetric curves (DTGA), obtained under reactive atmosphere (air), of the EMAA-CNT and
EMAA-EG nanocomposites together with the two nanofillers (CNTs and EG powder) and EMAA
matrix, respectively.
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Figure 3. a) TGA curves of EMAA-CNT nanocomposites, EMAA matrix and CNT filler, b) DTGA curves of
EMAA-CNT nanocomposites, EMAA matrix and CNT filler; ¢) TGA curves of EMAA-EG nanocomposites,
EMAA matrix and EG filler; d) DTGA curves of EMAA-EG nanocomposites, EMAA matrix and EG filler.

As expected, CNT and EG filler (dot lines in Figure 3 a,c) are more thermally stable than the
EMAA matrix alone (solid black line in Figure 3 a,c). EG nanoparticles are stable up to 700 °C, about
100 °C higher than CNTs. The presence of the filler in the nanocomposites causes an increase in their
thermal stability since filler nanoparticles hinder the thermo-oxidation of the polymer in the early
stage [50]. Both thermogravimetric curves manifest two main steps of degradation events, the first
due to the polymeric matrix and the second/last one due to filler degradation. The study of DTGA
curves (Figure 3 b,d) allows us to identify at least three main degradation steps after the interval of
temperature where the nanocomposites are stable (i.e., processing windows), that are: i) the main
degradation of polymer chains, ii) the oxidation of charred residue, and iii) the degradation of filler.
The first degradation step is due to dehydration and random and homolytic scission of a
methoxycarbonyl side group [34,51] followed by the degradation of the ethylene main chains [35].
The second step at a temperature higher than 510°C is due to oxidation of the charred residue formed
by oxidative dehydrogenation of EMAA taking place throughout the heating process in air, besides
thermal oxidation and pyrolysis (for samples with CNTs). In particular, the charred residue obtained
immediately downstream from the first loss curve completely disappears in the second main
degradation step corresponding to the filler degradation only, whose value strongly depends on the
filler nature. Since EG filler degrades at a higher temperature than CNT, the degradation step for EG
in the nanocomposites starts at a higher temperature (around 700 °C) with respect to the value of
570°C related to the nanocomposites with CNT filler. As expected, the EMAA component does not
influence the degradation of the carbonaceous filler, whereas the filler considerably stabilizes the
polymer at the beginning of the degradation phenomena.

The extension of the processing window changes from CNT-based nanocomposites to EG-based
nanocomposites, even though it is only by a few degrees. More in detail, in Tables S1 and S2 of the
S.M.,, the value of the initial degradation temperature evaluated at the 5% by weight loss is higher for
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all the experimented concentrations of CNT nanocomposites than the EG nanocomposites. This result
is most likely due to the type of network that hinders the diffusion of gases. Filler particles physically
hinder both the penetration of oxidative gases into the matrix and the release of pyrolytic gases
("labyrinth effect") [52], increasing the average free path of gases. Since the conductive fillers also
protect against degradation, the degradation temperature is expected to be higher in the
nanocomposites where the electrical path is formed. As shown in paragraph 3.1, the electrically
conductive path composed of CNT forms at a lower filler concentration than the EG filler. This aspect
explains why EMAA-CNT nanocomposites at lower filler concentrations are more thermally stable
than EMAA-EG nanocomposites. In other words, at the same filler content of 15 wt% in the EMAA-
CNT sample, the conductive network is already formed, and it is the same network that protects the
polymeric chains against the gas contacts.

On the other hand, at 15 wt% of EG, the conductive network is not completely formed (as also
highlighted in Figure 2e of the SEM images). Thus, it is less effective against the degradation. As well
as the electrically conductive network forms in the EMAA-EG nanocomposites at 30 wt%, the
degradation temperature becomes more similar to that of the EMAA-CNT nanocomposite. SEM
image (Figure 2f) of EMAA 30% EG confirms the presence of a more robust filler network against
oxidative gas diffusion.

Another aspect to be considered is the shape of the main peak of the DTGA, which differs
between EMAA-CNT and EMAA-EG nanocomposites. In the case of CNT-based nanocomposites,
carbon nanotubes form a thin layer of polyaromatic carbon char, protecting the underlying polymer
from oxygen. For this reason, the thermal stability does not change significantly with the filler
concentration, as confirmed by Bocchini et al. [50] in a study on polyethylene-based composite. For
EG-based nanocomposites, it can be noted that the step 1 becomes composed of two peaks, one near
the peak of the pristine matrix and the other one at a higher temperature. The changes in the DTGA
curves suggest that at 10% wt. of EG, a fraction of the matrix degrades almost at the same temperature
as the unfilled matrix, whereas a second fraction degrades at a higher temperature (see the profile of
the orange curve in Figure 3 d). This behavior is mainly due to the morphological arrangements of
the graphitic block in the matrix. Most probably, it is also correlatable with the Electrical behavior of
the sample. In fact, in EMAA 10% EG, at a low concentration of the filler particles, there are still few
graphitic blocks in forming a percolative network. From an electrical point of view, the path of
oxidative gases is not so tortuous, and they can easily reach some of the unprotected matrix regions.
Then, the sample shows a fraction of the polymeric matrix, which degrades almost at the same
temperature as the unfilled matrix, and a second fraction with a higher degradation temperature
corresponding to the fraction that degrades at higher temperatures (see the profile of the orange curve
in Figure 3 d). For higher filler concentrations, this phenomenon is less marked and the main change
is observed at higher temperatures, as expected when the percolative network is completely formed
as for the 30 wt% of the filler particles.

3.3.2. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry allows the determination of the crystallinity degree (Xc),
melting temperature (Tm), crystallization temperature (Tc), and glass transition temperature (Tg),
which are helpful in the investigation of the structure of the polymer, which strongly affects the
mechanical properties of the material. The crystallinity degree (Xc) of the EMAA and the composites
was determined by the melting peak area as follows (Equation 1)

AHp
Xe = ToanT 1)

where AHw is the melting enthalpy of the sample, AH% is the melting heat for 100% crystalline EMAA
(taken to be 290.4 J/g, [53]), and fis the mass fraction of matrix in the nanocomposite materials. Figure

4 shows the DSC heating and subsequent cooling thermograms of the EMAA nanocomposites, while
Tables 2 and 3 summarize the corresponding thermal parameters.

Table 2. Summary of DSC results of EMAA-CNTSs nanocomposites and EMAA matrix. .
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Table 3. Summary of DSC results of EMAA-EG nanocomposites and EMAA matrix.

Sample CNT AHm AHc Tm T. Xe
(%) (/g (J/g) (¢ ©0) (%)
EMAA 0 43.0 549 1021 822 14.8
EMAA5%CNT 5 51.3 499 1002  85.0 17.7
EMAA 10%CNT 10 51.1 527 97.05 854 17.6
EMAA 15% CNT 15 41.6 431 9799  86.6 14.3

Sample EG AHm AHc Tm T. Xe
%) (/g Jg/g) C) (O (%)
EMAA 0 43.0 549 102.1 82.2 14.7
EMAA 10% EG 10 53.5 57.0 100.1 844 18.3
EMAA 15% EG 15 52.5 574 98.19 844 17.9
EMAA 30% EG 30 514 53.1 98.66 84.9 17.6
(a) (b)
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Figure 4. a) Heating and b) cooling curves of DSC of EMAA-CNTs nanocomposites and EMAA matrix; c) heating
and d) cooling curves of DSC of EMAA-EG nanocomposites and EMAA matrix. .

Both the heating and cooling curves of EMAA nanocomposites suggest the formation of small
crystals that originate from filler nanoparticles acting as heterogeneous nuclei. Heating curves in
Figure 4a,c show that the melting temperature tends to decrease by a few degrees (see Table 2 and
Table 3) by increasing the filler content (both in the case of CNT and EG), indicating a reduction in
crystal size. This hypothesis is also confirmed by the widening of the melting peak in the presence of
filler nanoparticles, which opens at lower temperatures than that the matrix alone. The nucleation
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effect of filler nanoparticles is also evident from the cooling curves of Figure 4 b,d. In fact, the
crystallization enthalpy increases with increasing filler content, and the crystallization event starts at
higher temperatures both in the presence of CNT or EG filler (see Tc values in Tables 2 and 3).
Increasing the filler content (from 5% to 10% for EMAA CNT nanocomposites and from 10% to 15%
EG for EMAA EG nanocomposites), the number of nuclei increases, leading to an increase of small
crystals and of the crystallinity degree [54]. However, when the filler content is high, small crystals
are not meant to grow as in the matrix alone because the arrangement of conductive filler in a network
structure exerts a nanoconfinement effect. This means that, while on the one hand the nucleation
effect of the nanoparticles favors the formation of crystals, on the other hand, the nanoconfinement
effect limits their growth. In the sample of EMAA 15% CNT, the nanoconfinement effect prevails over
the nucleation effect, and the degree of crystallinity lowers.

3.4. Mechanical Characterization
3.4.1. Dynamic Mechanical Analysis (DMA)

DMA analysis was performed to investigate the changes in the mechanical response of the
matrix in the presence of the two different fillers. The storage modulus and loss factor (tan d) vs.
temperature for the neat polymer and nanocomposites are reported in Figure 5. The storage modulus
starts to decrease from 0°C up to 80°C (Figure 5a,b), where the glass transition event occurs as shown
by the tand profile in Figure 5¢,d. As expected, the introduction of rigid fillers (CNT and EG) in the
polymeric matrix causes an increase in storage modulus. This is due to the fact that both the
theoretical modules of CNTs (around 0.2-1.0 TPa [55]) and EG (around 1.0- 2.8 TPa [56,57]) are higher
than that of the matrix. Comparing the storage modulus of EMA A-CNT nanocomposites with that of
EG-based nanocomposites (Figure 5a,c), a higher increase is detected in the presence of EG filler. A
higher number of polar groups on the surface of the 2D filler (see S.M.), together with a higher surface
area of EG, leads to better filler-matrix interactions responsible for an effective transmission of load
applied from the matrix to the more rigid filler.

(a) (b)
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& 10000 EMAA 10% CNT ——EMAA 15% CNT, 0.3

o 1000~f -

2 1004 o %2

14 | c
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50 -25 0O 25 50 75 100 40 20 0 20 40 60 80 100
Temperature [°C] Temperature [°C]

(c) (d)
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Figure 5. DMA results: a) storage modulus and b) tan  of EMAA CNT nanocomposites and EMAA matrix; c)
storage modulus and d) tan d of EMAA EG nanocomposites and EMAA matrix.

The tan d profile also changes due to the presence of the filler (Figure 5b,d).
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According to the theory of Stimonaris et al. [58], tan d profile can be analyzed as a distribution
of multiple relaxation phenomena involving regions at different chain mobility. In the case of
nanocomposite materials, filler nanoparticles represent physical knots in the matrix, limiting chain
movements and causing a shift in the maximum of tan o profiles of EMAA nanocomposites at higher
temperatures [59]. The shift of the tan d peak means that in the nanocomposites, the fraction of regions
at reduced mobility increases. In fact, polymeric chains confined between filler nanoparticles have
low freedom of movement due to both nanoparticle-polymer interactions and filler rigidity.

The increase in the crystallinity obtained by introducing the filler (see section 3.3.2), added to
the contribution of polymeric chains confined between filler nanoparticles causes a shift and an
enlargement of the tan & peak

This last phenomenon is particularly relevant for EMAA 15 % CNT and EMAA 30% EG samples.
In these samples, the conductive network is more "robust” since the higher filler content implies a
dense dispersion of nanoparticles in the whole matrix, as confirmed by electrical and morphological
investigation. In these two cases, the contribution of regions characterized by nanoparticle-polymer
interactions plays a relevant role.

3.4.2. Tensile Test

The real mechanical deformation, here also indicated as true strain, is the deformation of the
material calculated by considering the necking phenomenon. EMAA matrix a soft material that
undergoes cross-section reduction during the loading phase (i.e., the necking phenomenon). For this
reason, from a mechanical point of view, it is more appropriate to convert the stress and the strain
calculated on the base of the initial cross section of the sample, ¢ and ¢ respectively, into the true
stress and the true strain (i.e., o, and &,, respectively), considering the cross-section reduction of the
materials during the loading phase as follow:

& =In(e+1) )
o, =0 (e+1) (3)

The comparison of the mechanical properties of EMAA pristine matrix with those of

nanocomposites systems is reported in Figure 6.

a b
(a) (b) %
100 { —— EMAA
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= 80, EMAA 10% CNT ©

o ——EMAA 15% CNT o
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n 401 )

g g

'|_- 20+ -~ :l__

| : . - ' : - 0 : - . |
0 25 50 75 100 125 150 175 200 0 25 50 75 100

True Strain [%] True Strain [%]

Figure 6. a) Mechanical curve of EMAA matrix and its nanocomposites; b) enlargement at lower strains.

The mechanical curve of the EMAA matrix is typical of a block copolymer [55], characterized by
two distinct regions: region 1, below 10% of true strain, and region 2, above this point, up to failure.
Region 1 includes the short elastic region and the beginning of plastic deformation. In fact, for soft
polymers, the elastic region is restricted to low strains. Due to their organization into soft and rigid
domains, block copolymers do not exhibit an evident yield stress [56]. The passage from region 1 to
region 2 is characterized by a reduction in the slope of the mechanical curve. This means that the
strain increases faster than the increase in applied stress due to the propagation of the necking
phenomenon in the whole sample. In region 2, the stress rises almost linearly with the strain,
absorbing energy to align the macromolecules in the load direction. The enlargement in Figure 6b
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evidences the similarity between the mechanical curve of EMAA- CNT nanocomposites with that of
the pristine matrix alone and, at the same time, the limitation of EMAA 15% EG and EMAA- 30% EG
curve to region 1. The two fillers in the matrix differently affect the behavior of the stress-strain curve.
In the case of CNT-based polymer, thanks to their 1D shape and high aspect ratio, the CNT can easily
interpenetrate macromolecules and accompany their movement under the applied load in the elastic
region. At low CNT content, the curve of EMAA 5% CNT remains very similar to that of the EMAA
matrix. As for electrical properties, in this case, the effect of the filler is still limited due to its low
content. As filler concentration increases, the Young modulus of EMAA 10% CNT increases by 145%
with respect to the matrix alone due to the efficient load transfer from the soft matrix to the more
rigid CNT [39]. The functional groups of the matrix, in fact, could interact with the groups on the
surface of the CNT [60], whose presence is demonstrated by the oxygen content detected in the XPS
analysis (see Figure Slc). In addition, the high aspect ratio of the filler causes adequate stress
transmission via interfacial shear between the CNT and the polymer [61]. CNTs continue to untangle,
deforming together with the matrix until the applied load overcomes a critical value that causes CNT
debonding from the matrix ("stick-slip" phenomenon [58]). From this point on, in region 2,
macromolecules can straighten, as in pristine EMAA, due to the loss of stress transfer between the
nanotubes and the matrix.

On the contrary, the mechanical curve does not show the second linear region in the case of
EMAA 15% EG and EMAA 30% EG. According to the XPS results (Figure S2c), the oxygen content is
higher than that of CNT (Figure S1c). It follows that a higher number of functional groups decorates
the surface of EG nanosheets. This aspect justifies both the higher Young modulus and the absence
of region 2. The higher the number of interactions between the filler nanoparticles and the matrix, the
better the load transfer from the soft matrix to the rigid EG nanosheets (i.e., improvement of Young
modulus). Moreover, when high stresses are applied to the material above the elastic regime, the
material directly undergoes failure. The trend of the mechanical curve of EMAA 10% EG also
evidences the absence of the stick-slip phenomenon in EG nanocomposites since the higher filler-
matrix interactions do not allow the matrix to disengage from the filler before failure, as on the
contrary happens for EMAA 10%CNT.

3.5. Piezoresistive Response

This paragraph compares the piezoelectric responses of CNT- and EG-based nanocomposites.
Piezoresistive behavior of the two systems has been obtained by combining the mechanical test with
the electrical resistance variation. Among all the experimented concentrations, EMAA 10% CNT and
EMAA 15% EG have been selected as these samples show an electric conductivity value suitable for
self-sensing applications [19]. In the case of low electrically conductive samples (i.e., EMAA 5% CNT
and EMAA 10% EG), the reproducibility of the electrical response is low, while in the case of highly
concentrated samples (EMAA 15% CNT and EMAA 30% EG), the sensitivity to the strain is reduced
(as reported in the S.M.) [62]. The sensitivity to the mechanical strain is calculated in terms of the

ﬁ/
- Ro
G.F.= £,

where AR is the electrical resistance variation with respect to the initial resistance value R, and €&,

gauge factor (G.F.) defined as follows:

is the real mechanical deformation of the sample. The so defined gauge factor is the equivalent of the
slope of the piezoresistive curve in the elastic regime. A high G.F. value suggests that small
deformations can be detected by high electrical resistance.

In Figures 7 and 8, the mechanical curves of selected nanocomposites systems are reported
jointly with their piezoresistive response (Figures 7a and 8a).
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Figure 7. a) Piezoresistive response during tensile test ; b) enlargement of piezoresistive curve; c) TUNA
morphology of EMAA 10 % CNT.
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Figure 8. a) Piezoresistive response during tensile test ; b) enlargement of piezoresistive curve; ¢c) TUNA
morphology of EMAA 15 % EG.

To fully understand the differences obtained in the piezoresistive results, TUNA images of the
two systems (EMAA 10% CNT and EMAA 15% EG) have been reported in Figures 7c and 8c,
respectively.

The first aspect emerging from Figures 7a, and 8a is that the electrical resistance variation
perfectly follows the mechanical trend both in the case of EMAA 10% CNT and EMAA 15% EG. This
result is also confirmed at high filler concentrations (see Figure S3a,b of the S.M.). In the case of
EMAA 10% CNT, the piezoresistive response can be divided into two consecutive exponential trends
corresponding to linear trends on the mechanical curve of region 1 and region 2, respectively. On the
other hand, EMAA-15% EG, characterized by a short elongation at break limited to region 1, has a
piezoresistive response consisting of a single exponential trend. The exponential trend is typical of
the "tunnelling effect", according to which electrons are able to pass from one conductive particle to
the adjacent one only if the inter-particle space is sufficiently close to the so-called "tunneling
distance" [63,64]. This distance may change with filler size and concentration, interphase thickness,
and surface energy [65]. When the nanocomposite material is under a tensile stress, the electrical
resistance at the interface between particles (i.e., tunnelling resistance) increases because of a
variation in the tunneling distance and contact area, causing a monotonic increase in the electrical
resistance of the whole sample. The G.F. of EMAA 10% CNT is 0.5 (see Figure 7b), while a much
higher value is obtained in the case of EMAA 15% EG, that is 165 (see Figure 8b). Not only in the
linear region but along the entire tensile test, the EG-based nanocomposite remains more sensitive to
the strain than CNT nanocomposites, as can be noted by the right vertical axis scale of Figures 7a and
8a. Considering the same strain value, the corresponding AR/Ro of EMAA-15%EG is higher than
AR/Ro of EMAA 10% CNTs, although it has a lower filler content. The higher sensitivity of the EG
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sample than that obtained with the CNT filler relies on how the different aspect ratios and particle
contact area affect the conductive network when the nanocomposite material is under load. To better
understand this aspect, TUNA images in Figures 7c and 8c show CNT and EG based conductive
networks at a nanoscale level. TUNA images (Height, Deflection Error, Friction, and TUNA Current)
reported in Figures 7c and 8c were collected in a single region of the EMAA 10% CNT and EMAA
15% EG samples, respectively. From the Deflection Error image, the presence of carbon nanotubes
can be detected as extended bundles along their length over the entire investigated area, as confirmed
by the FESEM image at high magnification in Figure 2b. The Friction image serves as a map of the
lateral flexion of the cantilever during the sample scan. This signal not only contains information
about the friction between the sample and the tip but also offers topographic details about the non-
flat sample surface. In the present case, the regions with a higher friction value correspond to the high
conductive area more densely populated by CNT. The conductive network composed of CNT
emerges more clearly from the TUNA Current image, for which electric current values ranging from
-12.3 pA to 9.4 pA are measured. In the TUNA Current image, the electric current values linked to
the local conductive domains dispersed across the matrix at the nanometric level are represented by
the respective colors on the side scale bar. It is possible to distinguish a densely interconnected
network characterized by a linked tangle arrangement, colored light green, on the entire investigated
region. When external stress acts on the nanocomposites, the material deformation leads to an
increase in the tunneling distance between CNT particles. However, since CNTs form an intricated
network, new contacts may form with other neighboring CNTs [66], limiting a huge increase in the
electrical resistance.

In the case of EMAA 15%EG, the TUNA image, together with Friction and Deflection Error
images clearly shows partially overlapped EG sheets. When external stress is applied to EG-based
nanocomposites, graphitic blocks change their arrangement and orientation, causing a reduction of
the overlapping area and interlayer distance [66]. Due to their 2D structure, each EG particle may
have a large contact area with another EG block. However, small deformation in the nanocomposite
is sufficient to reduce the contact area, i.e., tunneling area, resulting in a large variation in the electrical
resistance [43]. For this reason, the increase in the electrical resistance sensed by CNT nanocomposite
is lower than the electrical resistance variation shown by EG nanocomposite [67,68]. As can be seen
from the TUNA Current image of the sample EMAA 15%EG, electric current values ranging from -
1.1 pA to 1.3 pA are measured.

5. Conclusions

The EMAA matrix has been mixed with two different carbon-based nanofillers separately,
namely carbon nanotubes (CNTs) and expanded graphite (EG). The diverse content of polar groups
on fillers surface and their different shape affects electrical, thermal, mechanical, morphological and
piezoresistive properties of EMAA nanocomposites. The main conclusions are summarized as
follows:

From an electrical point of view, higher filler content is required in the case of EG particles,
mainly due to the characteristic 2D shape to reach the EPT. On the contrary, the rope-like shape of
CNT (1D filler) allows to reach the EPT at lower filler concentrations.

CNTs seem to be more effective in the improvement of thermal stability than EG filler since, as
for the electrical percolation threshold, lower concentrations of CNTs are sufficient to create an
interconnected protective network against oxidative gases.

Comparing the DSC results of EG-based nanocomposites with those of CNTs-based
nanocomposites, it can be concluded that both fillers have the same effect on the crystallinity of the
EMAA matrix, slightly favoring the crystallinity.

DMA results of EG-based nanocomposites and CNT-based nanocomposites show a high elastic
modulus in the case of EG filler. The higher number of interaction between EMAA matrix and the
polar groups on the EG edges lead to a more effective transmission of the load applied from the
matrix to the rigid filler in the EMAA-EG nanocomposites than in the EMAA-CNT nanocomposites.
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Higher Young modulus of EG nanocomposites than CNT nanocomposites have been confirmed
by tensile test. The lower number of CNT-matrix interactions favors the stick-slip phenomenon
obtaining high elongation at break, while EMAA-EG samples directly undergo the failure at high
applied stress.

Both piezoresistive response of EMAA 10% CNT and EMAA 15% EG perfectly reproduce the
mechanical behavior during tensile tests. The 2D shape of EG nanoparticles justify the much higher
gauge factor of EMAA 15% EG (165) than the value of EMAA 10% CNT gauge factor (0.5).

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: a) Cls scans of powders by XPS analysis; b) Ols scans of powder by
XPS analysis; ¢) elemental composition and percentage of groups of CNT by XPS analysis; d) TEM image of
CNT; Figure S2: a) Cls scans of powders by XPS analysis; b) Ols scans of powder by XPS analysis; c) elemental
composition and percentage of groups of EG by XPS analysis; d) TEM image of EG; Figure S3: Piezoresistive
response during tensile test of a) EMAA 15 % CNT and b) EMAA 15 % EG; Table S1: Characteristic temperatures
of D-TGA of EMAA-CNT nanocomposites; Table S2: Characteristic temperatures of D-TGA of EMAA-EG

nanocomposites;.
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