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The dielectric and electrical characteristics of the semiconductive WS2 nanotubes/epoxy composites were studied as a function of
the nanotubes concentration and the pressure applied during their molding. In addition, the ability of WS2 nanotubes to serve as
stress sensors in epoxy based nanocomposites, for health-monitoring applications, was studied.The nanocomposite elements were
loaded in three-point bending configuration. The direct current was monitored simultaneously with stress-strain measurements.
It was found that, in nanocomposites, above the percolation concentrations of the nanotubes, the electrical conductivity increases
considerably with the applied load and henceWS2 nanotubes can be potentially used as sensors for health monitoring of structural
components.

1. Introduction

The ability to detect damage in structures before failure is
a critical issue. Hence, various structural health-monitoring
systems were developed for aerospace [1, 2] and civil infras-
tructures [3]. The interest for incorporating nanoparticles
in polymers has grown in the last two decades. Various
nanofillers offer wide range of properties such as mechanical
[4], thermal [5], and electrical [6] conductivities and may
be successfully introduced into polymers [7–10]. Since their
discovery, carbon nanotubes (CNTs) [11, 12] were investigated
intensively and a wide range of applications were offered to
various devices based on CNTs. One of the main features of
this nanomaterial is its high electrical conductivity [6]. Due
to their high electrical conductivity CNTs-based nanoelec-
tromechanical devices were developed and described [13].
The ability of the CNTs to respond electrically to the applied
external load [14, 15] led to the development of sensors,
which can be inserted into structural elements and serve
as nanosensors for structural health monitoring [16–18]. It
was shown that the main mechanism responsible for the

resistance change in theCNTs/polymer stress sensing systems
is the tunneling effect, which is strongly dependent on the
nanotube-nanotube distance [19, 20].

Inorganic nanotubes (INT) and fullerene-like nanos-
tructures (IF) of tungsten and molybdenum disulfide were
discovered in 1992 [21] and 1993 [22], respectively. The
mechanical properties of individual WS2 nanotubes have
been investigated in some detail [4, 23].The Young’s modulus
was found to be 160GPa and the ultimate strength of the nan-
otubes between 6 and 21GPa. It was found that the addition of
minute amounts (<2wt.%) of nanotubes to polymer matrices
[7–9], and in particular to epoxy resin, enhances themechan-
ical properties of the nanocomposite. However, beyond
a critical concentration of 0.5 wt.%, themechanical properties
of the resin deteriorate [8].

The semiconducting properties of individual WS2 nan-
otubes were also investigated [24–26]. Inorganic nanotubes
of WS2 (INT-WS2) showed a high conductivity (in vacuum
conditions) [25].Moreover, it has been established that apply-
ing an external force on single INT-WS2 (torsion or tension)
results in increased conductivity, due to a piezoelectric effect
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[26]. Recently, low-temperature quasi-1D superconductivity
was demonstrated for a WS2 nanotube gated with an ionic
liquid [27].Theoretical study based on the density functional
method indicated the band structure-strain relation for single
W/MoS2 nanotubes [24]. It was shown that applying tensile
force on the nanotube leads to elongation of the W/Mo-S
bonds resulting in shrinkage of the nanotube bandgap. Thus,
in the case of electromechanical devices based on such nano-
tubes and in great contrast with CNT, higher electrical con-
ductivity response is expected upon application of a tensile
force.

The influences of INT-WS2 on the mechanical, tribologi-
cal, and thermal performance of thermoplastic [28] as well as
thermosetting [8, 29, 30] polymericmatrices were reported in
the literature. Nevertheless, only little work has been devoted
to the electrical conductivity of polymers containing INT-
WS2 [31, 32].

It was shown that the presence of CNTs in a polymeric
matrix such as poly(vinylidene fluoride) (PVDF) [33, 34] and
polycarbonate (PC) [35] influences the dielectric properties
of the polymers. It was also observed that the conductivity,
dielectric constant, and the dielectric loss increase with
higher content of the nanotubes. In addition, the dispersion
technique [35] and surface functionalization [33] of the
CNTs was shown to influence their dielectric behavior. The
dielectric properties of INT-WS2, incorporated in vinylidene
fluoride-co-hexafluoropropene (PVDF-HFP) nanofiber have
been analyzed as well [36]. Recently, DC conductivity and the
dielectric properties of the CNTs/INT-WS2 hybrid films have
been presented [37].

Generally speaking, multiwall carbon nanotubes possess
mainlymetallic character [6] and therefore their conductivity
is appreciably higher than that of multiwall WS2 nanotubes.
The percolation threshold of CNT varies with different
parameters and is generally up to 1 wt.%. In general, due
to increasing nanotube-nanotube distance, CNT-embedded
in polymer matrices show reduced conductivity upon appli-
cation of a tensile force [16–18]. Being semiconductors, the
reaction of WS2 nanotubes to an applied tensile force is
expected to be palpably larger than that of CNT and in
opposite direction. Therefore, in contrast to CNT-polymer
composite, the application of a tensile force on INT-WS2
nanotubes-polymer composite leads to a reduced resistivity.
The special gravity of WS2 nanotubes (about 5000 kg/m3)
is appreciably higher than that of carbon nanotubes (ca.
1500 kg/m3). Consequently, weight-wise, much higher WS2
nanotubes content is required for achieving percolation in
polymer nanocomposites, compared to CNT. In summary,
INT-WS2 should be suitable for stress sensing in polymer
matrices, but at higher content than that used for CNT,
which is the topic of the present work. Obviously, though,
the addition of WS2 nanotubes to a polymer beyond say
2wt.% is likely to adversely influence the mechanical prop-
erties of the matrix. Hence, WS2 nanotubes-based health-
monitoring devices should be placed in confined space in the
construction module, in order to minimize the mechanical
shortcomings of high concentrations of WS2 nanotubes.

Ohm’s Law (1) describes the direct current (DC), voltage,
and resistance relationship [38, 39]. In this case, the material

is an ideal resistor responding to an applied external voltage
(U) and a uniform current flow (I) is detected.Themeasured
samples resistance (R) is described using

𝑅 =
𝑈

𝐼
, (1)

𝑅 = 𝜌 ⋅
𝐿

𝐴
, (2)

where 𝜌 [ohm cm] is the electrical resistivity, 𝐿 is the length
of the sample, and 𝐴 is the cross-section area. The electrical
conductivity of the sample is defined as the inverse value of
the resistivity.

Impedance is the complex resistance, where themeasured
samples are represented by an equivalent circuit consisting of
a network of resistors, capacitors, and inductors connected in
series and in parallel [39, 40].The impedance is represented as
a complex number composed of a “real” (in-phase) (𝑍REAL(𝜔))
and “imaginary” (out-of-phase) (𝑍IM(𝜔)) parts

𝑍∗ = 𝑍REAL(𝜔) + 𝑗𝑍IM(𝜔). (3)

For the simple case, where the sample is described as
an electronic circuit consisting of ideal resistor and ideal
capacitor connected in parallel, 𝑍∗ is calculated using

𝑍∗ =
𝑅

1 + (𝜔𝑅𝐶)2
+ 𝑗
𝜔𝑅2𝐶

1 + (𝜔𝑅𝐶)2
, (4)

where 𝐶 is the capacitance and 𝜔 is the frequency defined by
the applied AC (alternating current) frequency 𝑓, 𝜔 = 2𝜋𝑓.

The phase angle (𝜙) is the ratio between the two parts

tan𝜙 = 𝑍IM
𝑍REAL
. (5)

The complex plane impedance diagram, also known as
“Nyquist plot,” is obtained by relating𝑍REAL (𝑥-axis) and𝑍IM
(𝑦-axis). At low frequencies the impedance shows completely
resistive behavior (right side of the plot), while at high
frequencies the impedance is dominated by the capacitive
element (left side of the plot).

Impedance analysis carried out by AC potential modula-
tion provides information such as material permittivity (𝜀∗)
and conductivity (𝜎).

Similar to the complex impedance, the material permit-
tivity (𝜀∗) is a complex number, consisting of the “real” (𝜀-
permittivity or dielectric constant) and the imaginary (𝜀-
imaginary permittivity or loss factor) parts [39]

𝜀∗ = 𝜀 + 𝑗𝜀 =
𝐶𝐿

𝜀0𝐴
+ 𝑗
𝐿

𝑅𝐴𝜔𝜀0
, (6)

where 𝜀0 = 8.85 ⋅ 10
−14 [F/cm] is the electrical permittivity in

vacuum.
In this work the electrical behavior of a composite

consisting of INT-WS2 incorporated in epoxy polymermatrix
was studied under an applied load.Three-point bending con-
figuration was used for the study. During the measurements,
the direct current and the stress-strain relationship of the
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INT-WS2/epoxy composites were monitored simultaneously.
DC electrical conductivity and the dielectric behavior of
the composites were analyzed using I-U and impedance
characterizations, respectively, with the goal of investigating
the possibility of using INT-WS2 in polymer composites as
stress sensors for health monitoring of structures. In order
to have sufficient sensitivity the concentration range of the
nanotubes was appreciably higher (up to 25Vol.%) than that
used for improving the mechanical properties of the epoxy
resin. Consequently, the overall mechanical behavior of the
presently studied nanocomposites was inferior to that of the
pure epoxy.

2. Experimental

2.1. Materials. WS2 nanotubes (INT-WS2) were purchased
fromNanoMaterials Ltd. (Israel). The diameter and length of
the nanotubes were 50–120 nm and 1–20 𝜇m, respectively [41,
42]. The epoxy resin used was based on di-glycidyl ether of
bisphenol-A (DGEBA) (DER 331 product of Dow Chemical,
Midland, MI, USA). The curing agent was polyetheramine
(JEFFAMINE�T-403, product ofHuntsman)with theoretical
equivalent weight of 81. High purity silver paint (SPI Supplies,
USA) was used to establish the electric contacts.

2.2. Samples Preparation. Two families of INT-WS2/epoxy
composite samples were prepared, each one serving for dif-
ferent set of experiments. The first family of composites con-
tained various contents 0.22, 0.66, 1.1, 2.2, 3.2, and 6.2Vol.%
of the INT-WS2, samples 1–6, respectively.

This series of samples was used to study the percolation
threshold of the nanotubes-epoxy resin composites. These
samples were prepared without the application of compress-
ing pressure.Due to the viscous nature of the epoxy-nanotube
mixture, a concentration above 6.2 Vol.% was not accessible
according to the present technique. The influence of the
nanotubes concentration on the formation of the percolating
network was studied using impedance characterization.

The second family consisted of samples containing high
volume fraction (25Vol.%) of the INT-WS2 (samples 7–11).
Sample 7 was prepared by careful mixing of the nanotubes
in the epoxy resin and consequently the nanotubes were
relatively well dispersed in the epoxy resin. This sample was
prepared in order to study the influence of mixing of the
insulating polymer and the INT-WS2 on its’ overall DC
conductivity and the dielectric properties.

On the other hand, samples 8–11 were mixed only lightly
but were prepared under an applied pressure. Hence, the
nanotubes were heavily aggregated in these samples, which,
inevitably led to poor mechanical integrity of the samples.
The concentration of the nanotubes in these samples is
beyond the percolation threshold and accordingly mean-
ingful DC conductivity and impedance analysis could be
obtained. This set of samples was used for studying the elec-
trical response of the INT-WS2 under applied load concomi-
tant with the stress-strain relationship (for potential health-
monitoring purposes). For the preparation of samples 8–11
various compressing pressures (0.8, 13.9, 27.8, and 55.6MPa)
were used.The influence of the various compressing pressures

on the electrical behavior of the composites samples was
evaluated. It was found that concentration of 25Vol.% of
the nanotubes is optimal for the samples prepared using
that technique. Specimens with lower nanotubes content
were not sufficiently viscous. Therefore, the fluid escaped
out of the mold under the applied pressure making sample
preparation close to impossible. The majority of the results
concerning these samples are reported in the Supplementary
Information (in Supplementary Material available online at
https://doi.org/10.1155/2017/4838095).

2.2.1. Preparation of Composites Containing Low Volume
Fraction of the INT-WS2 (Samples 1–6). Preformed con-
solidated INT-WS2 material was dispersed in the curing
agent phase (JEFFAMINE T-403) by sonication of 4min
(3 times) using ultrasonic bath (MRC, AC-120H, operated
at frequency of 50Hz). This was followed by mechanical
mixing, using a spatula. Another 4min of sonication of the
JEFFAMINE/INT-WS2 mixture was carried out using a high
intensity probe sonicator (tip diameter 19mm) with response
frequency of 20 kHz ± 50Hz (VCX 400-ultrasonic processor
and CV26 tip, Sonics & Materials, Inc., vibra-cell, USA).
Then, the JEFFAMINE/INT-WS2 mixture was blended with
the epoxy resin (30 : 70w/w) and degassed for 30min. Finally,
the samples curing was carried out in the RTV molds.

To allow the residual bubbles getting out of the resin
mixture it was left at ambient conditions for 1 hr. Subse-
quently, the samples were heated for 3.5 and 2.5 hours at
temperatures of 40∘C and 80∘C, respectively, for the curing
process. Sampleswith thickness, width, and length of 1.5±0.3,
4.1±0.14, and 9.1±0.6mm, respectively, were thus prepared.

In addition to the samples consisting of a nanotube-epoxy
mixture in different proportions, pellets consisting of pure
nanotubes were prepared for a reference by applying a pres-
sure of 980MPa on the INT-WS2 powder. The dimensions
of the prepared pellets were surface area 20 ± 0.08mm2 and
thickness 0.62 ± 0.03mm.

2.2.2. Preparation of Composites Containing High Volume
Fraction of the INT-WS2 (Samples 7–11). Samples containing
a high volume fraction of INT-WS2 (25Vol.%) were prepared
by mixing the nanotubes with epoxy resin premixed with
the curing agent and degassed for 30min. The matrix and
the INT-WS2 densities were 1160 kg/m

3 [43] and 5000 kg/m3
(taking into account the empty core of the INT-WS2), respec-
tively. The pristine INT aggregates (20–90 𝜇m) were dried at
120∘C for 3 h (in vacuum) before mixing with the epoxy.

In the first step of preparation of the nanocomposites, the
INT-WS2 powder was lightly mixed using spatula for 1min
with the epoxy resin, in order to wet the aggregates’ surfaces
by the polymer. This treatment produced a consolidated
material, which could be further molded to any shape. After
the mixing a wet compound was obtained consisting of INT-
WS2 encapsulated by the epoxy (Figure 1). For the samples
fabrication, specially designed mold (Figure 2(a)) was used.
The mold permitted the compression of the INT-WS2/epoxy
mixture before curing. To prevent the epoxy from sticking
to the mold walls during the compression, Teflon spacers
were used. Four compressing pressures of 0.8, 13.9, 27.8, and
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(a) (b)

Figure 1: INT-WS2 powder (a) before and (b) after mixing with slight amount of the epoxy resin.

(1)

(2) (3)

(a) (b)

Figure 2: Mold for samples preparation: (a) (1) mold body and (2) lower movable part which is inserted to the cavity during compression.
This device configuration allows the samples ejection after the compression. (3)Upper movable part, encountering the compressing pressure
(device assembly is shown in the Supplementary Information Fig. S3). (b) Samples configuration for the three-point bending test.

55.6MPa were applied; samples were marked as 8 to 11,
respectively. After compression the samples were transferred
to silicone (room temperature vulcanized (RTV)) molds for
the curing process. High purity silver paste was applied on the
sample surface to establish electrical contacts (Figure 2(b)).

In addition, samples with thoroughly mixed INT-WS2
and the epoxy were prepared as a kind of reference with-
out using the compression mold (sample 7). To achieve a
more uniform mixing and partial deagglomeration of the
nanotubes in the epoxy resin, the nanotube powder was
mechanically mixed with the polymer resin (using spatula)
for 5min. The better mixing (compared to samples 8–11) of
the INT-WS2 with the epoxy allowed us to achieve material
which could be cast into the RTVmold. Samples dimensions
are given in Table 1.

2.3. ImpedanceMeasurements. Thedielectric propertiesmea-
surements were performed using high resolution dielectric
analyzer (HRDA) (Novocontrol Technologies). For the sam-
ples containing variousVol.% of the nanotubes (samples 1–6)
and samples 7–11, the AC voltage was set to 1 V. For the pure

INT-WS2 pellets the applied AC voltage was 0.1 V, in order
to prevent high currents during the measurements. The AC
measurements were carried out without applying DC voltage
(zero bias) in the frequency range of 101–106Hz.

2.4. Measurement Set-Up for Stress Monitoring in Composites.
In order to study the electrical response due to the applied
load, a three-point bending configuration was used (Sup-
plementary Information Fig. S1). Three-point bending tests
were performed using a mechanical loading system (Bose�
ElectroForce� 3220) with a load cell of 225N. Samples 8–11
were loaded at a rate of 0.0005mm/s.

I-U measurements and the time dependence of the
current were monitored under the applied load (Precision
Source/Measure Unit, KEYSIGHT B2912A). The applied DC
voltagewas set to 50V. Before applying the load, themeasured
current was varying slightly with time. The resistance (con-
ductivity) stabilized only after 1.3–5min.The loadwas applied
once a relatively constant conductivity region was reached
(Supplementary Information Fig. S2).Upon applying the load
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Table 1: Samples dimensions and measured average DC conductivities. Sample 7 contained 25Vol.% of INT-WS2 which were mixed
thoroughly with the epoxy resin without compression (cast only). Samples 8–11 containing 25Vol.% of nanotubes were only lightly mixed
and were compressed by applying pressures of 0.8 (sample 8), 13.9 (sample 9), 27.8 (sample 10), and 55.6 (sample 11) MPa.

Sample type Length [mm] Width [mm] Thickness [mm] 𝜎 [S/m]
Neat epoxy 20.00 ± 0.05 4.10 ± 0.03 1.46 ± 0.05 2.3 ⋅ 10−10 ± 2.2 ⋅ 10−10

Pellet-neat INT-WS2 — — 0.62 ± 0.03 1.2 ⋅ 10−1 ± 3.2 ⋅ 10−3

Sample 7 22.10 ± 0.03 4.30 ± 0.01 1.04 ± 0.06 1.9 ⋅ 10−7 ± 3.44 ⋅ 10−9

Sample 8 20.40 ± 0.05 4.30 ± 0.07 1.18 ± 0.08 3.3 ⋅ 10−5 ± 8.1 ⋅ 10−6

Sample 9 20.60 ± 0.02 4.34 ± 0.07 1.01 ± 0.06 2.3 ⋅ 10−5 ± 4.6 ⋅ 10−6

Sample 10 20.50 ± 0.02 4.40 ± 0.06 0.98 ± 0.05 2.8 ⋅ 10−5 ± 2.4 ⋅ 10−5

Sample 11 20.50 ± 0.05 4.37 ± 0.05 0.88 ± 0.08 2.7 ⋅ 10−5 ± 1.2 ⋅ 10−5

Table 2: Average sensitivity factors, maximum current increase, and the maximum strain (at breaking point), and the samples strength.

Sample type
⟨SF⟩-test 1,
strain range
0.3–0.6 [%]

⟨SF⟩-test 2,
strain range
0.3–0.6 [%]

⟨SF⟩-test 3,
strain range
0.3–0.6 [%]

⟨SF⟩-test 3,
strain range
1.0–1.3 [%]

Maximum
current increase
at the breaking

point [%]

Maximum
strain [%] Strength [MPa]

Neat epoxy — — — — — 8.6 59.4
Sample 8 0.7 ± 0.1 0.5 ± 0.2 0.7 ± 0.1 2.1 ± 0.3 2.7 ± 0.6 2.0 ± 0.2 38.9 ± 1.9
Sample 9 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 1.3 ± 0.2 2.0 ± 0.1 1.7 ± 0.4 42.0 ± 0.2
Sample 10 0.4 ± 0.1 0.6 ± 0.5 0.7 ± 0.5 1.2 ± 0.1 2.3 ± 0.6 1.9 ± 0.1 38.5 ± 3.3
Sample 11 0.8 ± 0.7 0.6 ± 0.1 0.7 ± 0.1 1.6 ± 0.1 2.3 ± 0.6 1.7 ± 0.3 37.8 ± 1.0

(continuously), a current increase was observed, respectively
(Figure 9(b)).

The relative change in the resistance to the strain (sensi-
tivity of a strain sensor) is described by the Gauge factor [44].
The Gauge factor, also known as a sensitivity factor (SF) [45],
is calculated using

SF = Δ𝑅
𝑅0Δ𝜀
, (7)

where Δ𝑅 is the resistance change due to the applied load,
𝑅0 is the resistance for the unloaded sample, and Δ𝜀 is the
measured strain. In the present case, the electrical resistance
decreased due to the applied load and consequently the elec-
trical current was increased. Thus, the calculated sensitivity
factors are multiplied by −1.

Three samples of each type (samples 8–11) were charac-
terized. First, each sample was loaded twice (test 1-2) without
reaching the breaking point, while during the third loading
(test 3) the ultimate applied load led to breaking of the
samples. The sensitivity factors were calculated for each test
(test 1–3), for the strain range of 0.2–0.6% and for 1–1.3%
for the third loading (Table 2). All loaded samples exhibited
current increase due to the applied load (Figure 9(b)). The
current increase was found to be more significant beyond a
strain of 0.79 ± 0.13%.

2.5. Microscopy Characterization. The analysis of the nan-
otubes dispersion of the samples containing low volume
fraction (0.22–6.2%) of the nanotubes (samples 1–6) was
performed in environmental scanning electron microscope
(ESEM) (model Philips XL-30). Electron microscopy exam-
ination of the fractured samples (samples 7–11) and of

the compressed nanotubes’ pellet was performed using a
scanning electronmicroscope (SEM) (Carl Zeiss ULTRA 55).

3. Results and Discussion

ESEM observation of the samples containing low Vol.% of
the nanotubes (0.22–3.2 Vol.%), samples 1–5 (Figure 3(a)),
confirmed a good dispersion of the INT-WS2 in the poly-
meric medium. It was found that only at a concentration
of 6.2 Vol.% (sample 6) the nanotubes start to segregate
significantly (Figure 3(b)).

As can be seen from Table 1, the application of a compres-
sionmolding pressure for epoxy samples containing 25Vol.%
of the INT-WS2 led to a reduced sample thickness. Further-
more, it can be noticed that addition of the nanotubes to the
epoxy resin leads to increase of the electrical conductivity by
five orders ofmagnitude, compared to the neat epoxy. Sample
number 8, which was prepared under the lowest pressure
(0.8MPa), showed the highest conductivity among samples
7–11, while cast sample 7 (no pressure applied) exhibited the
highest resistance among the samples. Nonetheless, the pure
INT based pellet exhibited the highest electrical conductivity.

Due to the light mixing process of the INT-WS2 powder
with the epoxy (samples 8–11), a percolating network was
obtained with a minor effect of the polymer on the electrical
conductivity (Table 1). SEM images (Figure 4) showed that
applying high compression pressures led to reduced distance
between the granules (agglomerates) but at the same time
more polymers were pushed in between them. For sample
8, the SEM analysis shows that some of the WS2 nanotubes
are bare and therefore they form direct contacts between the
aggregates without significant interfering of the insulating
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Figure 3: ESEM images of the INT-WS2 dispersed in the epoxy matrix (a) sample 4 (2.2 Vol.%) and (b) sample 6 (6.2 Vol.%).

20𝜇m

(a)

1𝜇m

(b)

20𝜇m

(c)

1𝜇m

(d)

Figure 4: SEM images of sample 8 (prepared with a load of 0.8MPa) (a) low and (b) high magnifications; (c) low and (d) high magnifications
of sample 9 (13.9MPa). While the nanotubes appear nude in sample 8, polymer infiltration between the tubes (and consequently electrical
insulation) is obvious in sample 9.

polymer (Figure 4(b)), while, for samples 9–11, which were
compressed under higher pressures, the insulating polymer
was squeezed between the nanotube aggregates to a larger
extent, leading to diminution of the overall conductivity
of the samples (Figure 4(d)). Hence, in general the con-
ductivity decreased with the higher applied pressure. By
analyzing the fractures of samples 8–11, a weak interaction

between the epoxy and the nanotubes was observed (Fig-
ure 5(a)). For sample 7, where the INT-WS2 were well mixed
with the epoxy resin, the insulating polymer wrapped the
individual nanotubes (Supplementary Information Fig. S4).
Consequently, this sample exhibited low conductivity values
compared to samples 8–11. Here one can see that the better
is the interaction between the nanotubes and the insulating
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Figure 5: SEM images of the fractured surface of (a) sample 10 (prepared under load of 27.8MPa) and (b) pellet consisting of pure INT-WS2.

polymeric matrix the lower is the DC conductivity (for
the same 25Vol.% of the nanotubes). Contrarily, the high
pressure (980MPa), which was used to prepare the pure nan-
otubes pellet (Figure 5(b)), secured a good interfacial contact
between the nanotubes facilitating the electron transfer
between the nanotubes. Thus, the contact resistance in this
case was negligible and high conductivity values could be
achieved (Table 1).

3.1. Impedance Analysis of the Samples. In this part, samples
1–6 with different content of the nanotubes (0.22–6.2 Vol.%),
cast sample 7, and samples 8–11 prepared under different pres-
sures (0.8–55.6MPa) were analyzed. Samples 1–6 were used
for investigating the formation of a percolating network.
Epoxy composites containing INT-WS2 present a compli-
cated system that could be characterized using the following
assumptions:

(1) R (epoxy)≫ R (nanotubes).
(2) C (nanotubes)≫ C (epoxy).
(3) In that case, the system response is a combination

of conducting elements of INT-WS2 (discontinuous
phase) and poorly conducting elements of epoxy
(continuous phase) [39, 40].

(4) Due to the semiconducting properties of the nan-
otubes, each nanotube is assumed to behave as an
individual capacitor.

Consequently, at low concentration of the nanotubes (0.22–
3.2 Vol.%, i.e., samples 1–5) the electron path is inhibited
by the poorly conducting epoxy. As the volume fraction of
the nanotubes increases, a percolating network is starting
to form (Figure 3(b)); thus, more electrons are able to be
transported through themedium.When the nanotubes create
a continues percolating network (samples 8–11 with 25Vol.%)
the influence of the epoxy decreases significantly.

Nyquist plot of the pure INT-WS2 pellet completes its
semicircle at low frequencies (Figure 6(a)), while, at high
frequencies the semicircle is fragmented, probably due to the
system limitation to reach frequencies higher than 106Hz.

For the electrically conducting samples 8–11 (25Vol.%
nanotubes) the Nyquist plots (Figure 6(b)) almost complete
an ideal semicircle. It was observed that sample 8 (prepared
under pressure of 0.8MPa) presents the smallest resistive
element among the studied conducting samples (8–11), which
agreeswith theDCcurrentmeasurements (seeTable 1). At the
high frequencies the specimen response is dominated by the
capacity of the nanotubes, while at the low frequencies range
the response reflects mostly the contribution from the high
resistance of the polymer [39].

Furthermore, due to the presence of the polymeric phase,
the distance between individual nanotubes increased com-
pared to the pure INT-WS2 pellet (Figure 5) and hence the
effect of the electrons tunneling between the nanotubes is
suppressed in some extent. The arcs (Figure 6(b)) seem to
be expanded. One reason for such a behavior could be the
convergence of two separate arcs into an expanded single arc
(see equivalent circuit in Supplementary Information Fig. S5)
[40].

For the neat epoxy as well for sample 6 (6.2 Vol.% of the
nanotubes) and sample 7 (Figure 6(c)) the impedance plots
do not intersect the 𝑥-axis at high frequencies nor complete
their semicircular form.This behavior can be attributed to the
high resistive element of the samples.

The calculated dielectric constant-𝜀, the loss factor-𝜀,
and AC conductivity are displayed in Figure 7. This analysis
indicated that the values of 𝜀, 𝜀, and AC conductivity
increased with the formation of the percolating network of
nanotubes (samples numbers 8–11). For samples 9 and 10 the
calculated values were found to be about the same; therefore,
the plots for these samples are overlapping (Figure 7). Sample
7 (cast sample preparedwithout applied pressure) showed the
lowest dielectric constant-𝜀, loss factor-𝜀, and AC conduc-
tivity values among samples 7–11, containing 25Vol.% of the
nanotubes (Supplementary Information Fig. S6). Impedance
characterization of the samples containing low weight per-
centages (samples 1–5, see Supplementary Information Fig.
S7) demonstrated little effect of the nanotubes on the dielec-
tric characteristics. For the sample with 6.2 Vol.% of INT-
WS2 (sample 6), where segregated nanotubes are observed
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Figure 6: Impedance spectra of the (a) INT-WS2 pellet; (b) samples 8–11 (with 25Vol.% nanotubes). The inset shows the magnification of
the Nyquist plots behavior at the high frequencies range. (c)The impedance spectra of the neat epoxy, sample 6 (6.2 Vol.% of nanotubes) and
sample 7 (cast with 25Vol.% of the nanotubes).

(Figure 3(b)), the calculated dielectric constant, loss factor,
andDC conductivity were found to increase, compared to the
neat epoxy (Figure 7).

3.2. I-U Characterization of the Samples. I-U measurements
of the compressed pure INT-WS2 exhibited a semiconducting
behavior of the nanotubes (Figure 8(a)) [25] with the
estimated band gap of 1.5–2V. In addition, the I-U test dem-
onstrated a remarkable difference between the DC conduc-
tivity of samples (8–11) compared to that of the neat epoxy
(Supplementary Information Fig. S8) and the pure INT pellet

(Figure 8). It was observed that with addition of the polymer
phase to the nanotubes, the semiconducting behavior, typical
for the pure pellet, diminished and the insulating properties
of the resin became more pronounced. The highest current
(highest conductivity) values for the voltage range of −50 to
50V were observed for sample 8 where a minor pressure of
0.8MPa was used during sample preparation. For samples
9–11 the current fluctuated around the same values (see
Table 1). Contrarily, it was observed that the recorded current
for the cast sample 7 (Supplementary Information Fig. S8)
is significantly reduced, compared with the compression
molded samples 8–11.
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Figure 7: (a) Permittivity (dielectric constant-𝜀), (b) imaginary permittivity (loss factor-𝜀), and (c) AC conductivity (𝜎) versus frequency
of the INT-WS2 pellet, sample 6, samples 8–11, and the neat epoxy.

3.3. Relationships between DC Conductivity (𝜎) of Samples
8–11 and the Stress-Strain Relationship. The I-U character-
istics (DC conductivity) and the impedance analysis of the
samples indicated that only samples 8–11 (25Vol.% of nan-
otubes) form continuous (conducting) nanotubes network.
Therefore, these samples were chosen for the stress monitor-
ing experiments. It was observed that a current stabilization
period of 1.3–5min is required (Supplementary Information
Fig. S2) before applying load in the three-point bending
configuration (Supplementary Information Fig. S1).

Conductivity measurements of samples containing INT-
WS2 (samples 8–11 with 25Vol.% nanotubes) showed an

increase in the current while applying the load (Figure 9(b)).
In contrast to that, the neat epoxy did not show any change
in conductivity with the applied load (Figure 9(a)). For all the
tested samples the conductivity increased with the samples’
strain. Initially the slope of the curves is rather moderate.
Beyond a strain of 0.79 ± 0.13%, the electrical response was
enhanced, as can be observed from the steeper slope in
Figure 9(b). In addition, the calculated sensitivity factors tend
to be higher for the strain range of 1.0–1.3% (Table 2). In
general, the sensitivity factors for sample 8 were found to
be the highest among samples 8–11, in the strain range of
1.0–1.3%. It was observed that the maximum current increase
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Figure 9: Conductivity versus strain (black curve) and the stress-strain relationship (blue curve) plots of the (a) neat epoxy and (b) sample
8.

due to the applied load for samples 8–11 is in the range of
2.0–2.7%. The current increase for sample 8 tends to be the
highest (2.7%).

The content of the nanotubes in samples 8–11 is very
high (25Vol.%), which is appreciably higher than the range
used for reinforcement of the resin (<2Vol.%). Furthermore,
the preparation methodology used for these samples did not
allow proper dispersion of the nanotubes in the resin result-
ing in loosely attached nanotubes within the agglomerates
(Figure 5(a)). Consequently, the mechanical properties of the
epoxy-nanotubes composite in these samples were inferior to
that of the pure epoxy (see Figures 9(a) and 9(b)), let alone the
values obtained for nanotube reinforced resin. It was found

that the maximum strain that these samples exhibit is only
20–23% of the neat epoxy strain (Table 2). It should be noted
that the failure of individual WS2 nanotube occurred at a
maximum elongation of 5–14% [4, 46].

By analyzing the stress-strain/conductivities relationship
of samples 8–11, it was found that the DC current increased
(electrical resistance decrease) upon increasing the stress
in the samples (Figure 9(b)). It was shown before that by
applying tensile force on individual WS2 nanotube using
nanoelectromechanical devices a current increase is expected
[26]. These results are also in agreement with theoretical
study where structural modifications of the WS2 nanotube
and lowering of its bandgap are predicted due to the W-S
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nanotube bond elongation (and angular distortion) through
the tensile stress [24].We assume that themain reason for the
current increase in our sample is the tension of the individual
nanotube due to an applied load in the three-point bending
configuration. Additional reason for such phenomena could
be the reorientation of the nanotubes’ agglomerates under the
applied load.

4. Conclusions

The electrical conductivity and the dielectric properties of
the INT-WS2/epoxy composites were studied. Accordingly,
the possibility of the INT-WS2 to serve as stress monitoring
elements in the composites was evaluated. In order to
analyze the percolating network formation, epoxy samples
with various nanotubes content (samples 1–6) were prepared.
These samples were analyzed using impedance measure-
ments. It was observed that only samples containing as
high as 6.2 Vol.% (sample 6) of the nanotubes could show sig-
nificant enhancement of the dielectric properties compared
to the neat epoxy. We assume that the nanotubes segregation
observed in this sample has an influence on the dielectric
properties enhancement.

Samples with high nanotubes content (25Vol.%), which
surpassed the percolation threshold, were prepared as well.
A specially designed mold was fabricated allowing compres-
sion molding of the INT-WS2/epoxy mixture using various
pressures of 0.8, 13.9, 27.8, and 55.6MPa (samples 8–11). Cast
samples containing high volume fraction of the INT-WS2,
preparedwithout applied pressure but using thoroughmixing
which instigated a partial deagglomeration of the nanotubes
aggregates (sample 7), were prepared as well. These samples
exhibited low conductivity and poor dielectric properties.
We believe that the nanotubes wrapping by the insulating
polymer are the main reason for these results.

On the other hand, samples which were prepared under
pressure, and light mixing only, showed appreciable conduc-
tivity. Thus, electrical conductivity on the order of 10−5 [S/m]
was recorded for the epoxy samples containing high volume
fraction of the INT-WS2 (25Vol.%, samples 8–11) compared
to 10−10 (S/m) for the neat epoxy. SEM analysis of the frac-
tured surfaces of the samples showed that, by applying com-
pression pressures above a fewMPa during the preparation of
the specimens, the polymer is squeezed between the INT-WS2
granules in higher amount and leads to deterioration of
the overall specimens electrical conductivity. On the other
hand, applying a moderate pressure (<1MPa) during the
samples’ preparation resulted in higher conductivity values.
This behavior was confirmed by the Nyquist plots.

Three-point bending loading with simultaneous current
monitoring was performed on samples containing high
(25Vol.%) nanotubes content (samples 8–11)which surpassed
the percolation threshold in epoxy resin. Using this config-
uration, the conductivity/stress-strain relation of the INT-
WS2/epoxy composites was obtained. In contrast to polymer
compounded with CNTs, here the current was found to
increasewith the applied load.The increase in the current and
the calculated sensitivity factors were appreciable (beyond 1
(or 100%), for the strain range of 1.0–1.3%).

Therefore, INT-WS2 are suitable to serve as stress sensors
in polymer-based composites due to their electrical response
to the applied load and, consequently, to be applied in future
stress monitoring applications and possibly also for electro-
magnetic shielding.
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