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ARTICLE INFO ABSTRACT

Multi-walled carbon nanotube (MWCNTSs) and graphene nanoplatelet (GNPs) filled high-density polyethylene
(HDPE) composites with randomly dispersed (DCN) and segregated (SCN) conductive network structures were
fabricated by a solution-assisted mixing method. The damage self-sensing behavior of the resulting compos-
ites was investigated via in situ electrical-mechanical measurements. The results show that nanofiller type and
conductive network structure significantly influence the damage self-sensing behavior of the composites. The
relative resistance change (RRC) of HDPE/MWCNT composites during tensile deformation can be divided into
three stages. Compared to HDPE/MWCNT composites with DCN structures, more robust conductive networks
are formed in SCN structures, resulting in smaller RRC. The self-damage sensing behavior of all HDPE/GNP com-
posites follows a similar trend, starting with a quasi-linear increase in RRC followed by a sudden rise induced by
brittle fracture of the material. Nanofiller content was also found to affect the damage self-sensing behavior of
the composites with a higher nanofiller loading corresponding to a lower damage sensing sensitivity. A modeling
study based on tunneling theory was also conducted to further analyze the mechanism. In addition, the tensile
properties of the composites were measured. This study provides some important information for development
of smart structural materials.

Keywords:

Carbon nanotube

Graphene nanoplatelet
Damage self-sensing
Conductive network structure
Polymer composites

or requires large scale test equipment. Damage self-sensing techniques
based on in situ electrical resistance measurements have been demon-

1. Introduction

Over the last decade, tremendous effort has been devoted to devel-
oping multifunctional composite materials by adding conductive fillers
into polymer matrices [1-5]. At appropriate filler content, the resulting
conductive polymer composites (CPCs) showed excellent electrical con-
ductivities and considerable mechanical strength. These attributes were
used to develop smart structural materials, including damage self-sens-
ing (or damage self-monitoring) polymer composites able to provide
structural and sensing properties [6-8]. The ability to detect damage in
composite materials is extremely important and particularly in safety
critical applications such as in the aerospace or automotive sectors.
Therefore, studies that advance the ability to detect damage in compos-
ite structures are very important.

Nondestructive testing methods, such as X-ray [9], optical fiber
[10] and acoustic emission sensor [11] have been widely used in dam-
age sensing. However, most of these traditional monitoring techniques
require embedding or attachment of the sensing elements. This, in
turn, forms defects in the materials
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strated to be an alternative to traditional techniques. The method is
based on monitoring the changes in electrical current (or resistance) in
the composite induced by transformation or disintegration of conduc-
tive networks under deformation.

Suitable candidates for conductive additives include metals (e.g.,
powder or fibers) and carbonaceous fillers (e.g., carbon black (CB), car-
bon fibers (CFs), carbon nanotubes (CNTs), and graphene nanoplatelets
(GNPs)). Metal-based materials have the disadvantages of requiring rel-
ative large loadings and thus being heavier. The higher loadings also
lead to reduction in processability and elevated costs [12]. Carbona-
ceous materials have outstanding electronic and mechanical proper-
ties combined with being lightweight. Therefore, they show consid-
erable promise as conductive fillers in damage self-sensing compos-
ites [13-15]. CB is a traditional carbonaceous filler, extensively stud-
ied and modeled in the transformation and re-construction processes
in conductive networks during strain elongation [16-18]. For instance,
Zheng et al. [19] categorised the transformation of conductive path-
ways in HDPE/CB composites
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subjected to uniaxial tension into four steps and showed that the in-
crease in electrical resistance is attributed to the physical separation of
the CB particles. Carbon fibers (CFs) combine excellent tensile strength
with high electrical conductivity and are often employed as structural
reinforcing elements in thermosetting resins to give provide effective
damage self-sensing properties [20-22].

More recently, CNTs and GNPs have attracted increasing attention
due to their outstanding mechanical and electrical properties [23-25].
Due to their high aspect ratios efficient conductive networks can be con-
structed with low electrical percolation thresholds. Ke et al. [26] mea-
sured lower percolation threshold (. = 0.53 wt.%) values for polyvinyli-
dene fluoride (PVDF)/CNT nanocomposites than that for a CB-filled
composites (8. = 1.81 wt.%). This was attributed to the higher aspect
ratio and ability to form networks with CNTs. Graphene nanoplatelets
with 2-dimensional structures also possess high intrinsic electrical con-
ductivities but the strong Van der Waals forces induced by the large
surface areas of GNPs promote their aggregation, making them difficult
to uniformly disperse in the polymer matrix to form a conducting net-
work. Consequently, polymer/GNP composites have been found to ex-
hibit moderate electrical conductivities [27].

Nanni et al. [28] prepared extruded MWCNT/polyethylene tereph-
thalate (PET) sheets and evaluated their damage self-sensing behavior.
They concluded that filler loading and directional alignment of the MW-
CNTs considerably affected the self-sensing properties of the compos-
ites [29,30]. The distribution of conductive fillers in the matrix has
been shown to have an influence on the electrical percolation thresh-
old of nanocomposites with segregated conductive network (SCN) being
shown to outperform dispersed conductive networks (DCN) [31-34].
For example, Lin et al. [35] measured a percolation value as low as
0.4vol % in a natural rubber (NR)/graphene system with a SCN struc-
ture, which was an 8-fold reduction compared to that achieved with a
dispersed conductive network (DCN). Other studies have confirmed this
result [36,37].

In the present study we extend the knowledge in this field of
self-sensing materials by examining the importance of the conductive
network structure (DCN and SCN) on the damage sensing capability of
nanocomposites made with GNPs and MWCNTs. Composites containing
different contents of nanofillers were prepared by solution-assisted mix-
ing to form various conductive network structures (SCN and DCN) of
HDPE/MWCNT and HDPE/GNP nanocomposites. The damage self-sens-
ing behavior and tensile properties of the composites were investigated
by in situ monitoring of current changes during uniaxial tensile testing.
The composites exhibited distinct self-sensing behaviors which were de-
pendent on the type and content of the nanofiller and conductive net-
work structure. The results also showed an increase in Young's modulus
of the composites as more nanofillers were added.

2. Experimental section
2.1. Materials

Commercial HDPE powder (888LIB) with a melt flow index of 0.2g
10 min~! was supplied by Mitsui Chemical. Its average particle size is
calculated to be 107.9um, and the particle size distribution is shown
in Fig. S1. GNPs (xGNP-15) with average diameter of 15um and thick-
ness of 6-8nm were purchased from XG Science (USA). Its density is
2.2gcm~2 and carbon content exceeds 99.5%. MWCNTSs (NC-7000) with
purity of 90%, density of 1.85gcm=3, typical diameter of 9.5nm and
average length of 1.5um were obtained from Nanocyl S.A. (Belgium).
O-dichlorobenzene (0-DCB) and ethanol were both kindly provided by
Chron Chemicals (Chengdu), and were used to dissolve HDPE and dis-
perse the carbon nanofillers.

2.2. Composite preparation

HDPE/MWCNT and HDPE/GNP composites with segregated and
dispersed conductive networks were prepared by a solution-assisted
mixing method illustrated in Fig. 1. Firstly, appropriate amounts of
MWCNTs or GNPs
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Fig. 1. A schematic representation of the preparation process of HDPE/MWCNT compos-
ites with (a) SCN and (b) DCN structures. The HDPE/GNP composites are prepared using
the same method.

were dispersed in ethanol and o-DCB by ultrasonication at 100W and
40kHz for 1hat ambient temperature. To form the segregated con-
ductive network structure, HDPE powder was added to the nanofiller/
ethanol suspension and stirred for 15min followed by 1h ultrasoni-
cation (Fig. 1a). To prepare the dispersed conductive network struc-
ture, HDPE powder was firstly dissolved in o-DCB under stirring at
130°C and then cooled down to ambient temperature. Subsequently,
the above nanofiller/o-DCB suspension was added to the mixture and
quickly stirred for 1h (Fig. 1b). The HDPE/nanofiller/solvent mixtures
prepared by the two different routes were both pump filtrated and
dried in a vacuum oven at 80 °C for 24h to obtain the HDPE/nanofiller
blends. Finally, the dried blends were compression molded into sheets
(76 x 76 x 1mm?) at 170°C under 10MPa for 10min. The resulting
composite samples were labelled as x-CNTy and x-GNPy, where x stands
for composites with segregated (S) or dispersed (D) conductive network
and y refers to the weight fraction of nanofillers (wt.%). S-GNP3 thus
represents a HDPE composite with a segregated conductive network and
3wt.% GNPs loading.

2.3. Characterization

The particle sizes and distribution of the as-received HDPE powder
were characterised using a laser particle size analyzer (Malvern Master-
sizer 2000). The fractured surface morphology of the composites was
investigated via Scanning Electron Microscopy (ZEISS EVO MA15) at
an acceleration voltage of 20kV. Cryo-fractured surfaces of specimens
were permanganic etched [38] for 2h with ultrasonication at 100 W
to remove the amorphous phase of HDPE. The etched samples were
then gold sputtered prior to imaging. The direct current (DC) electri-
cal conductivity (opg) values of the specimens were measured using
the two-point method combined with a picoammeter (Keithley 6485)
and DC voltage source (Tektronix PWS4323) at constant voltage of 3 V.
The dimensions of the samples were 50 X 10 X 1 mm?. Silver paint was
used to minimize the contact resistance between samples and wires,
and the distance of the coupled electrodes was set to 30 mm (Fig. 2a).
The electrical conductivity values were calculated using the formula:
opc =L/ (R X S), where R is the electrical resistance of the sample, and
L and S are the length and cross-sectional area, respectively. Three spec-
imens were used for each type of composite sample.

The damage self-sensing behavior of each nanocomposite was mea-
sured using a mechanical-electrical measurement system consisting of a
universal testing machine (MTS CMT-4000), picoammeter, and DC volt-
age source (Fig. 2c). A voltage of 3V was applied to the specimens and
uniaxial tensile testing was carried out at a constant rate of 1 mmmin~'.
Dumbbell samples (ASTM-D638) were obtained from the compression
molded sheets and both sides were coated with silver paste prior to ten-
sile testing (Fig. 2b). All electrical and mechanical data were collected
by specialized software. Five specimens for each composite were tested
and the average value was used for calculations.
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Fig. 2. Photographs of specimens for (a) electrical conductivity measurement and (b) in situ mechanical-electrical measurement. (c) A schematic representation of the mechanical-electri-

cal measurement system.

X-ray diffraction analysis (XRD) was performed using a DX-2700 dif-
fractometer to measure the crystallinity (Xxgrp) of the composites af-
ter stretching to different strains. Cu-Ka radiation with a wavelength of
0.154nm was used and data were recorded from 3 to 60°with a scan-
ning speed of 0.03°min~'. In addition, the orientation of the HDPE crys-
tals was investigated using two-dimension wide-angle X-ray diffraction
(2D-WAXD) measurements, which was conducted on a DISCOVER D8
diffractometer (Bruker). The X-ray wavelength was 0.154nm by using
Cu-Ka radiation. The samples were placed with the beam perpendicular
to the stretching direction. The 26 range covered was 0-35°. The orien-
tation degrees were calculated from 1D diffraction profiles, which were
integrated from 2D-WAXD patterns.

3. Results and discussion
3.1. Percolation and morphology

The volume conductivity of HDPE/MWCNT and HDPE/GNP com-
posites with different network structures and related percolations are il-
lustrated in Fig. 3. According to classical electrical percolation theory,
conductive nanofillers will form numerous conductive pathways in insu-
lating polymer matrices, leading to increased conductivities at nanofiller
concentrations approaching the critical value [39]. As shown in Fig. 3,
the composites exhibited clear percolation behavior. The effect of con-
ductive network structures on the volume conductivity of each com-
posite was quantitatively analyzed using a scaling law of percolation
threshold (Equation (1)) [40].
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where op( is the electrical conductivity of the nanocomposite, & is the
filler weight fraction, @, is filler weight fraction at percolation thresh-
old, and t represents the critical exponent depending on the dimension-
ality of conductive networks. The formula follows a power-law depen-
dence of approximately 1.6-2.0 in a 3-dimensional system and 1.0-1.3
in a 2-dimensional system [41,42].

For the HDPE/MWCNT composites with a SCN structure, the low-
est percolation threshold was obtained as @. = 0.1wt.% (Fig. 3a). The
related critical exponent of 1.70 indicates the formation of a typical
3-dimensional conductive network. By comparison, the HDPE/MWCNT
composite with a DCN structure exhibits a higher percolation thresh-
old (@, = 0.5wt.%). The SEM image in Fig. 4a reveals that nanotubes
mainly accumulate at the boundaries of the HDPE phase, forming dense,
net-like conductive pathways. This structure (SCN) arises from directly
hot compressing HDPE powder and MWCNTs into sheets, where nan-
otubes cannot efficiently diffuse into the HDPE matrix due to its high
viscosity. Consequently, nanotubes build more close connections to
form a more efficient conductive network in such a limited region.

For the HDPE/MWCNT composites with a DCN structure (Fig. 4b),
nanotubes and their agglomerates are uniformly dispersed in the HDPE
matrix. In this case, the MWCNTs are distributed over a much larger
space and the DCN structure is therefore less efficient in electrical con-
duction than the SCN structure. In addition, One can observe in Fig. 3a
that the D-CNT1 system exhibits a high critical exponent (t = 3.89), in-
dicating that t may not be universal in some practical systems. For tun-
neling percolation systems, t values above 2 may be due to (1) addition
of high aspect ratio conductive fillers (e.g., >50) and a low percola-
tion threshold (e.g., <0.01); (2) a fundamental difference between lat-
tice (universal three dimension lattice model [43]) and continuum per-
colation, where the latter may exhibit nonrandom contacts between par-
ticles associated with local orientational coupling of anisotropic units

and distance dependent
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Fig. 3. Percolation curves of MWCNTs (a) and GNPs (b) filled composites with different conductive network structures.
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Fig. 4. SEM micrographs of HDPE composites with different nanofiller contents and conductive network structures: (a) S-CNT1, (b) D-CNT1, (c) S-GNP4, and (d) D-GNP12.

transport at the connections [44,45]. Numerous others have observed
t > 2 in various disordered insulator/conductor systems [46-48].

With respect to GNP filled systems, the @, values were estimated to
be 2.0wt.% and 6.0 wt.% for HDPE/GNP composites with SCN and DCN
structures, respectively (Fig. 3b). These values indicate that GNPs in the
segregated structure also construct efficient conductive networks (Fig.
4c). Furthermore, the HDPE/GNP system with a DCN structure yields
a 3-dimensional conductive network (t = 1.69) while that of the SCN
structure is 2-dimensional (t = 1.05). In general, GNP filled composites
have higher percolation thresholds (@.) than HDPE/MWCNT systems,
regardless of the network structure. The poorer enhancement in conduc-
tivity of composites may be attributed to the 2D flake-like shape of GNPs
(Fig. 4d). Although several types of contact between GNPs exist in the
polymer matrix, such as plane-to-plane, edge-to-edge and edge-to-plane,
only the plane-to-plane contact would be beneficial for electrical trans-
fer [49]. In addition, another possible reason can be the existence of
some nonconductive graphene oxides and structural defects in the com-
mercial GNPs used in this work.

3.2. Damage self-sensing behavior

In general, damage self-sensing behavior that depends on disrup-
tion of a conductive pathway requires operation around the percola-
tion threshold (@) [50]. Conductive polymer composites with slightly
higher loadings of

nanofiller than the percolation threshold would be more desirable for
practical applications to keep material costs down. Therefore, specimens
with a nanofiller concentration just above @, were selected to investi-
gate self-sensing behavior in this study. The conductive polymer com-
posites used for damage self-sensing studies are listed in Table 1.

3.2.1. Damage self-sensing of HDPE/MWCNT composites

Fig. 5 illustrates the damage self-sensing behavior of the selected
HDPE/MWCNT composites, where the relationship between stress and
relative resistance change (RRC = AR/R, Equation (2)) versus strain
are presented.

Table 1
Details of the samples for damage self-sensing measurement.

Sample Nanofiller type Nanofiller loading [wt.%] Network structure
S-CNT1 MWCNTs 1 SCN®

D-CNT1 MWCNTs 1 DCNP

D-CNT3 MWCNTs 3 DCN

S-GNP3 GNPs 3 SCN

S-GNP4 GNPs 4 SCN

D-GNP12 GNPs 12 DCN

a SCN: Segregated conductive network.
b DCN: Dispersed conductive network.
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Fig. 5. Tensile stress and relative resistance change (AR/Ry) as a function of strain in (a) S-CNT1, (b) D-CNT1, and (c) D-CNT3.

AR _ R—Ry
R R, ®))

where R and Ry are the real-time and initial electrical resistance, respec-
tively.

The gauge factor (GF, Equation (3)) was applied to evaluate the re-
sistance change sensitivity of the composites in Fig. 5, and the results
are tabulated in Table 2.

_ AR/Ry
Ae 3)

GF

where Ae represents the change in strain.

The damage self-sensing behavior of the HDPE/MWCNT composites
is composed of three main stages: (1) prior to yielding, (2) strain soft-
ening and (3) necking growth. In the first stage (yellow background in
Fig. 5a—c), all the AR/R curves increase with strain elongation until a
plateau is reached. The turning points, denoted as ¢;, occur at a strain
of around 20% (Table .2). These are closely aligned with the yielding
points in the stress-strain curves.

In order to explain this phenomenon more clearly, the proposed
deformation mechanism of the networks is shown in schematic form
in Figs. 6 and 7. It is clear that the composites experience only a
small deformation prior to yielding and both conductive network struc-
tures basically retain their original

Table 2
Summary of GF data concerning HDPE/MWCNT and HDPE/GNP composites after damage
self-sensing measurements.

Sample 0~e1? [%] GF,; e1~e2” [%] GF, eg~es® [%] GF3
S-CNT1 17.8 15.8 66.8 2.2 82.5 27.3
D-CNT1 20.9 43.3 47.9 15.1 56.1 403.3
D-CNT3 21.6 21.3 62.7 3.5 72.6 89.6
S-GNP3 9.4 23.5 - - - -
S-GNP4 6.2 11.5 - - - -

D-GNP12 3.8 12.2 - - - -

@D and 9 representing 1, e, and 3 are shown below, respectively.

shapes. However, the distance between neighboring nanotubes or their
agglomerates slightly increases. One can see in Fig. S2 that the Xxgp val-
ues of the polymer are 62.4% and 64.8% for D-CNT1 and S-CNT1 before
stretching and there is little change when stretched up to &;. The ori-
entation degree of the HDPE crystals in D-CNT1 and S-CNT1 (Fig. S3),
calculated using Hammer's factors (f.), confirms that there is little ori-
entation change of the HDPE crystals. These results prove that the ap-
plied strain has not induced any change in the HDPE crystal orienta-
tion. Therefore, the conductive networks are mainly fixed in HDPE ma-
trix (crystalline), leaving only nanotubes with small motion realm, such
as increasing distance of neighboring nanotubes (Figs. 6b and 7b). This
distance between nanotubes can be regard as the tunneling distance (D,
) [51] and its effect on electrical resistance of composites will be further
discussed in Section 3.3.

The gauge factor in the initial stage (GF;) of D-CNT1 was estimated
to be 43.3 (Table .2), which is about twice that of D-CNT3 (21.3). This
can be attributed to a robust conductive network in the D-CNT3 sys-
tem which has more MWCNTs. With respect to S-CNT1, it has quite a
low GF; value (15.8). This is even lower than that of D-CNT3 in spite
of higher content of MWCNTs. These results indicate how the differ-
ent types of conductive network structure significantly influence the
GF values of the composites. Unlike the composites with a DCN struc-
ture where the isolated and agglomerated MWCNTs (red dash circles
in Fig. 6a and b) are uniformly distributed, the MWCNTs in a SCN
structure are mainly accumulated at the interfaces of the HDPE phases
and form denser conductive pathways with more contacts and entangle-
ments (gray strip in Fig. 7a and b). This type of conductive network can
better withstand applied strain, resulting in a lower GF,; value compared
to the DCN structure.

As strain increases from 1 to &g, the stress gradually declines and
then levels off (light green background, Fig. 5). This is due to the de-
formation and destruction of some crystalline lamellae and is commonly
referred to as the strain softening region [52]. More obvious orientation
of polymer crystals happens based on significantly increasing f. values
when the specimens are further stretched up to 5 (Fig. S3). A decrease
of about 5% in Xxgp (Fig. S2) supports the point that the crystals are be-
ing destroyed as deformation increases.

All the AR/Rq curves tend towards a “plateau” in this stage and
the related GF, values are much lower compared to the previous stage.
Such a plateau is
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Fig. 7. Schematic of the conductive network evolution of HDPE/MWCNT composites with a SCN structure: (a) before stretching, (b) prior to yielding (0 to ¢;), (c) strain softening (¢; to
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associated with the orientation of nanotubes induced by the deforma-
tion of the polymer crystals. As MWCNTs possess considerable flexibil-
ity owing to their 1-dimensional shape and high aspect ratio, the de-
formation of conductive networks may reach a balance between (1)
the destruction of previous conductive pathways induced by nanotubes
orientation and (2) reconstruction of new conductive pathways result-
ing from forming other new contacts of nanotubes (Figs. 6¢ and 7c).
Thus, such a dynamically changing conductive network basically main-
tains the previous conductive ability and small variations in AR/Rg
values (the plateau) are obtained during this stage of the tensile de-
formation process. In Fig. 5b, D-CNT1 has the highest AR/R, value
of about 1100at the plateau due to a less stable conductive network.
This is almost 3 and 2 times as much as that of S-CNT1 (340) and
D-CNT3 (540), respectively. In addition, clear fluctuations in AR/Rg

in the plateau region can be observed for S-CNT1

in Fig. 5a. This may be related to more intensive competition between
destruction and rebuilding of conductive networks in the segregated
structure.

At the end of the strain softening stage (denoted as ¢5), necking oc-
curs and extends along the tensile direction with further stretching. In
this “necking growth” stage, the f, values (Fig. S3) and Xxgp (Fig. S2)
of both D-CNT1 and S-CNT1 clearly increase. This indicates that HDPE
crystals are further orientated and strain induced recrystallization oc-
curs. In addition, the previous balance in destruction and rebuilding of
conductive networks is broken with further orientation of nanotubes,
and the destruction effect plays a dominant role. Therefore, all AR/Rg
curves start to increase again (Fig. 5a—c, pink background). As AR/R,
rapidly increases in a large strain range after ¢ (Fig. S4), the gauge fac-
tors (GF3) of all specimens are calculated at the beginning range of this
stage for quantitative analysis (¢3 < €3 < e3 + 15%). Likewise, D-CNT1
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and S-CNT1 exhibit the highest (403.3) and lowest (27.3) GF3 values
respectively, and D-CNT3 shows a moderate GF3 value of 89.6 (Table
2). The deformation of the conductive networks of D-CNT1 and S-CNT1
is quite different in this stage (illustrated in Figs. 6d and 7d). For the
D-CNT1 sample, numerous nanotubes are disentangled and rearrange
along the tensile direction (Fig. 8a). Some neighboring nanotubes could
be further separated so that they cannot effectively form conductive
pathways. For the S-CNT1 system, although the original net-like con-
ductive networks have been largely deformed and disrupted (Fig. 8b),
the nanotubes are still tightly entangled at the interfaces of the HDPE
phases (Fig. 8c). Such a conductive network structure enables better re-
tention of its electrical conductivity and results in a relatively low GFs.

Finally, an abrupt increase in AR/R, values is observed at the end
region of all curves. This originates from: (1) fracture of the dumbbell
specimens during tensile testing for S-CNT1 (Fig. S4a) and D-CNT3 (Fig.
S4c), and (2) too high an electrical resistance to be measured by the pi-
coammeter prior to the fracture (D-CNT1, Fig. S4b).

3.2.2. Damage self-sensing of HDPE/GNP composites

The HDPE/GNP composites exhibit more brittle mechanical behav-
ior under tensile elongation than that of the HDPE/MWCNT composites
with a consequent difference in their self-sensing behavior, as shown
in Fig. 9. All the AR/Rq curves for the HDPE/GNP systems monot-
onously i

strain in-

increase as
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creases until a sharp jump at the brittle fracture stage. Since the val-
ues of elongation at break are quite low, namely 9.4% for S-GNP3 (Figs.
9a) and 3.8% for D-GNP12 (Fig. 9c), their AR/R values (approximately
200% for S-GNP3) are far lower than those of the HDPE/MWCNT (reach
to 10%%) (Fig. S3).

As all the HDPE/GNP composites are brittle fractured prior to yield-
ing, their GF; values are calculated from 0% to the strain at break (de-
noted as ¢1). One can see in Table 2 that the GF; value of S-GNP3 is
higher than that of S-GNP4 (23.5 versus 11.5). This is mainly attrib-
uted to a less stable conductive network structure of the S-GNP3 with a
lower GNP loading. Moreover, although the GNP loading of D-GNP12 is
3 times as much as that of S-GNP4, their GF; values are very close (ap-
proximately 12), indicating the higher stability of conductive networks
in a segregated structure. These phenomena are consistent with those
shown in HDPE/MWCNT systems.

3.3. Modeling and mechanism

As discussed above, the conductive network structures of the com-
posites are not significantly deformed since the HDPE crystals barely
change prior to yielding. The variation of AR/Rq values can be mainly
attributed to the increase of distance between nanofillers (MWCNTs
or GNPs), which is interpreted as the tunneling effect [43]. In or-
der to further analyze this, a modeling study, derived from tunnel-
ing theory by Simmons [53], was carried out. The total resis-

Fig. 8. SEM micrographs of HDPE/MWCNT composites with different conductive networks after stretching to a strain of 300%: (a) D-CNT1, (b, ¢) S-CNT1. The double-headed arrows

represent the tensile direction.
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Fig. 9. Tensile stress and relative resistance change (AR/Ry) versus strain of (a) S-GNP3, (b) S-GNP4, and (c) D-GNP12.

tance R of a sample can be represented by Equation (4)

_(L 8mhs
R= (N) <3ya2e2 > exp (r5) )

B 4m4/2m@

T h (5)

where L is the number of particles forming a single conductive path, N is
the number of conductive pathways, h is Planck's constant, sis the short-
est distance between conductive particles, a® is the effective cross-sec-
tion area, eis the electron charge, mis the electron mass, and ¢ is the
height of the potential barrier between particles.

When the sample is strained, its electrical resistance will be altered
due to separation of the conductive nanoparticles and changes in the in-
ter-particle distance. The distance will vary linearly and proportionally
with strain increases from sg to s, hence it can be expressed as follows:

s=so<l+C<lA—Ol>>=so(l+Cs) ©)

where | is the initial length of the sample, Al is the deformation length,
€ is tensile strain elongation, and C is a constant depending on material
systems.

The non-linear rate of resistivity increase at larger strains indicates a
non-linear response for the number of conductive pathways (N) at large
strain. This can be represented by Equation (7):

No
exp (Ms +We? + U’ + V84) @

N=

where M, W, U, V are constants.

Substitution of Equations (6) and (7) into Equation (4) gives Equa-
tion (8):

R=B (1+C¢)exp [A+(M+AC)£+W82+U83+V84] @

B = 8rhns ) )
where A =75y, B = N2> and n is the total number of conductive par-
0

ticles (n = L X N).

Fig. 10 shows that the experimental data are well represented by
this tunneling model, and the related fitting parameters are listed in
Table S1. The change of tunneling distance (change of TD) and change
of conductive pathways (change of CP) of HDPE/MWCNT and HDPE/
GNP composites are plotted against strain as shown in Fig. 11. In the
HDPE/MWCNT system, the tunneling distance of MWCNTs in D-CNT1
increases much more significantly than that in S-CNT1 (Fig. 11a), which
confirms that the conductive network with the dispersed structure is
less robust compared with the segregated structure. Also, the number of
conductive pathways in S-CNT1 decreases more slowly with strain than
that in D-CNT3 (Fig. 11c). Likewise, it can be observed in the HDPE/
GNP composites that the number of conductive pathways in S-GNP3 and
S-GNP4 decreases more slowly than that in D-GNP12 (Fig. 11d). How-
ever, Fig. 11b shows that the tunneling distance of GNPs in D-GNP12 in-
creases at the lowest rate relative to S-GNP3 an S-GNP4, which is mainly
attributed to much higher GNP loading.

3.4. Tensile properties

The tensile properties of HDPE/MWCNT and HDPE/GNP composites
were obtained from the in situ mechanical-electrical measurement sys-
tem, and the data are shown in Fig. 12 and in Table 3. Significant ef-
fects of nanoparticle loading on tensile properties can be observed in
the stress-strain curves (Fig. 12a). In Fig. 12b, there is a moderate in-
crease in Young's modulus with the addition of MWCNT and a more
noticeable increase with GNP addition (90% increase for a loading of
12wt.%, Table 3). This can be attributed to the higher modulus of
nanoparticles relative to the soft HDPE matrix and to the higher aspect
ratio of GNPs relative to MWCNTs [54]. The elongation at break (ep) is
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Table 3
Effect of nanofillers and conductive network structures on tensile properties of HDPE com-
posites.

Sample AE[%] Act[%] Aep[%]
S-CNT1 6.0 9.0 -14.1
D-CNT1 11.1 19.4 —6.0
D-CNT3 26.0 13.8 —42.3
S-GNP3 32.9 -20.2 -98.9
S-GNP4 39.9 -18.7 —99.1
D-GNP12 90.7 3.5 -99.3

only very slightly reduced for MWCNT addition of 1wt.% thus result-
ing in an increase in tensile strength for these materials. As the load-
ing of MWCNTs increases to 3wt.%, the value of ¢, decreases but ten-
sile strength is still greater than the unfilled material. The addition of
GNPs has a more dramatic impact on elongation at break and reduces
it substantially relative to the MWCNTs. These negative effects of GNPs
on elongation and toughness can be attributed to the 2-dimensional,
flake-like structure and high aspect ratio of GNPs which leads to the
formation of agglomerates induced by the strong Van der Waals forces
exerted between GNP sheets with high surface areas. These agglomer-
ates act as stress concentrators and lead to microcracking under defor-
mation, leading to brittle fracture of the tensile specimens.

The tensile properties are also related to the conductive network
structure type, namely SCN and DCN. In Fig. 12d, ¢, of S-CNT1 is mea-
sured to be 640.3% which is lower than that of D-CNT1 (700.7%).
This can be attributed to two factors. Firstly, the relatively random
and uniform dispersion of MWCNT agglomerates in the composites
formed with a DCN structure increase the physical crosslink points and
enhanced stress transfer between the polymer matrix and nanofillers,
yielding superior Young's modulus and tensile strength. Secondly, for
composites with a SCN structure, MWCNTs are segregated by

HDPE particles into strip-like pathways, in which HDPE may not have
completely permeated. As a result, small holes between the nanotubes
may serve as microcracks and defects speeding up the progress of frac-
ture.

4. Conclusions

This study primarily examined the electrical properties and dam-
age self-sensing behavior of HDPE/MWCNT and HDPE/GNP compos-
ites with different conductive network structures. The electrical con-
ductivities of all prepared composites improved as nanofiller contents
rose, and this improvement in conductivity was greater in the segre-
gated conductive network structure, where more efficient conductive
pathways formed. The results also showed that nanofiller type (MW-
CNTs and GNPs) and conductive network structures (DCN and SCN)
significantly affect the damage self-sensing behavior of the composites.
Firstly, three typical stages corresponding to the region prior to yielding,
strain softening and necking growth were mirrored by changes in AR/Rg
of the HDPE/MWCNT composites during tensile deformation. Secondly,
for the HDPE/MWCNT composites with a SCN structure, MWCNTSs accu-
mulated in the narrow region of the HDPE phase boundaries to form ro-
bust conductive networks, where nanotubes/agglomerates were tightly
entangled. This conductive network yielded lower GF and AR/Ry val-
ues (plateau). Compared to the SCN structure, the conductive network
of the HDPE/MWCNT system with a DCN structure was more sensitive
to tensile deformation (high GF values) due to weaker conductive net-
works with insufficient connections between nanotubes/agglomerates.
Thirdly, the evolution of conductive networks in the composites can
be affected by the deformation of HDPE crystals, which is confirmed
by the changes of the crystallinity and the orientation degree of HDPE
crystals under different tensile strains. Fourthly, the self-damage sens-
ing behaviors of HDPE/GNP composites showed a quasi-linear increase
(e <10%) in AR/R followed by an abrupt jump. This can be explained
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by brittle fracture behavior in the HDPE/GNP composites. In addition,
a modeling study based on tunneling theory was conducted to further
analyze the mechanism, and the results show a good reflection of the ex-
perimental data. Also, MWCNTs positively affected the tensile strength
and modulus of the HDPE while the GNPs led to high Young's modulus
but a more brittle behavior. This study provides some important infor-
mation for the development of smart structural materials.
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