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Abstract

In this paper, carbon nanofibers (CNFs) with high aspect ratio were dispersed into epoxy matrix via mechanical
stirring and ultrasonic treatment to fabricate self-sensing CNFs/epoxy composites. The mechanical, electrical
and piezoresistive properties of the nanocomposites filled with different contents of CNFs were investigated.
Based on the tunneling conduction and percolation conduction theories, the mechanisms of piezoresistive
property of the nanocomposites were also explored. The experimental results show that adding CNFs can
effectively enhance the compressive strengths and elastic moduli of the composites. The percolation
threshold of the CNFs/epoxy composites is 0.186 vol% according to the modified General Effective Media
Equation. Moreover, the stable and sensitive piezoresistive response of CNFs/epoxy composites was observed
under monotonic and cyclic loadings. It can be demonstrated that adding CNFs into epoxy-based

composites provides an innovative means of self-sensing, and the high sensitivity and stable piezoresistivity
endow the CNFs/epoxy composites with considerable potentials as efficient compressive strain sensors

for structural health monitoring of civil infrastructures.
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1. Introduction

Due to fatigue loads, environmental factors and a range of natural disasters, civil infrastructures often suffer
deterioration, damage accumulation or even sudden collapse. Therefore, structural health monitoring (SHM) is
widely used to evaluate and monitor the performance of infrastructures. SHM is normally performed by
measuring real-time strain values of key positions in the structure, which provides a diagnosis of the current
status to determine if it is necessary to repair the structure [1]. However, the conventional strain sensors, which
are made of thin metal foils or semiconductors, normally have poor durability and limited sensitivity (their gauge
factor is usually about 2). Therefore, various strain sensors with high durability and sensitivity

(e.g., acoustic sensors, magnetic sensors, and piezoresistive sensors) for SHM have been

developed [2], [3], [4], [5].

As one of them, using piezoresistive composites to fabricate strain sensors has attracted extensively attention
over the last decades due to their simple structures, excellent durability, and high sensitivity [3], [5], [6], [7]. The
piezoresistive composites refer to a combination of dielectric or semiconducting matrix (e.g. rubber [8],

epoxy [3], [9], [10], [11], [12], [13], [14], and cement [15], [16], [17], [18]) and electrically conductive
reinforcement (e.g. carbon nanotubes [9], [12], [15], carbon nanofibers [3], [19], [20], graphene

nanoplatelets [13], carbon black [10], [11], and nickel powder [21]). These composites are generally based on
the use of conductive fillers, which create an electrical network whose resistance is dependent on the distance
between fillers and the piezoresistivity of the fillers themselves [22].

Advances in nanotechnology have enabled the synthesis of “smart” materials which could ultimately replace the
function presently carried out by instrumentations. Carbon nanomaterials, such as carbon nanotubes (CNTs) and
carbon nanofibers (CNFs), have attracted considerable attention due to their outstanding potentials to improve
the physical and electrical properties of traditional materials, which are emerging as a leading solution for
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fabricating piezoresistive strain sensors [14], [23], [24], [25], [26]. A number of studies have been performed to
investigate the applications of carbon nanomaterials [3], [12], [27], [28]. Shen et al. [12] investigated the
changes of electrical resistance of the carbon black (CB) and CNTs filled epoxy composites under compression,
swelling due to water absorption and temperature variation. It was observed that the electrical resistance
decreased under compression, while increased upon swelling due to water absorption for all samples, which

indicates that the composites had excellent piezoresistive behaviors. Park et al. investigated the self-sensing of
CNFs/epoxy composites with two different nanofiber aspect ratios [3]. They pointed out that the composites
containing CNFs with high aspect ratio exhibited better self-sensing than that with lower aspect ratio. In
addition, considerable studies reported the application of nanocomposite sensors in the field of electrochemical

and biological monitoring [29], [30], [31], [32].

The aforementioned studies indicate that it is feasible to fabricate piezoresistive sensors by using carbon
nanomaterials for strain monitoring. However, there were limited studies on the application of piezoresistive

sensors to embed in concrete structures for SHM. Meanwhile, more attentions had been focused on the
cement-based composites due to their good compatibility to concrete structure. Zhang et al. [17] studied
the multifunctionality of cement based composites with electrostatic self-assembled CNTs/nano carbon black

composites filler. It was found that the piezoresistive properties of the composites containing 2.40 vol% filler
were stable and sensitive, and the maximum relative resistivity change was 25.4% when the stress
amplitude was 10 MPa. However, both the compressive strengths and elastic moduli of the composites
decreased with the increase of the concentration of CNFs. Xiao et al. [5] investigated the self-

monitoring properties of concrete columns with embedded cement-based strain sensors. The comparison

between the monitored results of cement-based sensors and those of traditional displacement

transducers indicated that the cement-based sensors had nice strain-sensing abilities [5]. Nevertheless, cement-
based sensors are greatly affected by environmental humidity. Therefore, humidity insulation method should be
used to guarantee the sensing precision of cement-based composites under various ambient conditions [5].
Additionally, the polarization effect of cement matrix adversely affects the stability of the monitoring [33].
Moreover, the monitoring range of the cement-based compressive strain sensor is limited, which is normally
smaller than 0.5% [34]. The maximum compressive strains of steel tube or fiber reinforced polymers

(FRP) confined concrete members are typically in the range of 1.5% to 3.0%. Therefore, the current cement-

based compressive strain sensors are not able to monitor these structural members when they are subjected
to large deformation or tested to failure.

Epoxy has excellent chemical resistance, wear resistance, electric insulation, waterproof function and large
deformation range. If it is used as the matrix for the compressive strain sensors, it could not only eliminate the

effects of humidity and polarization, but also enable the whole process monitoring of confined concrete
structures subjected to compression. Compared to multiwall and single-wall carbon nanotubes, CNFs have
relatively low cost, which is a favorable factor in practical engineering applications [20]. Therefore, it is worth to
study the behaviors of epoxy-based composites containing CNFs to explore the possibility of using such
nanocomposites as piezoresistive sensors for structural health monitoring.

This research systematically studied the effects of the contents of CNFs on the mechanical, electrical and
piezoresistive properties of CNFs/epoxy composites. The mechanical properties of the nanocomposites
fabricated with different contents of CNFs were studied firstly. Secondly, the electrical properties of the
CNFs/epoxy composites without loading were investigated and theoretical percolation threshold was confirmed
based on the General Effective Media Equation. Thirdly, different loading

schemes including monotonic, constant amplitude cyclic and incremental amplitude cyclic loadings were applied
to the nanocomposites to examine the stability and sensitivity of their piezoresistive responses. Finally, the
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mechanisms of piezoresistive behavior of the nanocomposites were explored based on tunneling conduction
and percolation conduction theories.

2. Experimental program
2.1. Materials

The epoxy used as the matrix of the nanocomposites was produced by Tianjin Swancor Wind Power Materials
Co., Ltd., China. The epoxy is mixed by two parts: SWANCOR 2511-1A and SWANCOR 2511-1BS with a ratio of
10:3 in weight, or 30:11 in volume. It has low viscosity, moderate gel time, nice mechanical properties, high heat
deflection temperature (HDT), and good wettability to carbon fibers. The carbon nanofibers (Pyrograf-lll, grade
PR-24-XT-HHT) with a diameter of 70-200 nm and a length of 50—200 um were supplied by Pyrograf Products,
Inc., USA. The CNFs in the amount of 0.2%, 0.5%, 1.0%, 1.5%, 2.0%, and 3.0% by weight of epoxy (i.e., 0.116%,
0.29%, 0.58%, 0.87%, 1.16%, and 1.74% by volume of composite, respectively) were used in this research. The
corresponding mixture types are called 0.116 vol%, 0.29 vol%, 0.58 vol%, 0.87 vol%, 1.16 vol%, and 1.74 vol%
mixtures, respectively, in this paper. Acetone was used as diluting agent in the amount of 2% by volume of
composite. Copper wire mesh with size of 20 mm x 30 mm was used as the electrodes.

2.2. Specimens

It is well established that the homogeneity of nanofibers dispersion into the polymer matrix is one of the most
important factors affecting the nanocomposite’s electrical and mechanical performance. Several dispersion
methods were recommended in literature to avoid agglomeration and to obtain high percolation in the
composites [3], [12], [35], [36]. In this paper, two methods, including mechanical stirring and ultrasonic
treatment, were used to disperse CNFs. In order to facilitate the dispersion of CNFs, drying of CNFs was carried
out by putting them in oven at 60 °C for 5 min to remove the moisture. The CNFs/epoxy composites were
prepared by following procedure (Fig. 1): (1) All materials were weighed according to the designed mixture ratio.
(2) Different amounts of CNFs (0.116 vol%, 0.29 vol%, 0.58 vol%, 0.87 vol%, 1.16 vol%, and 1.74 vol%) were
dispersed into acetone by using a mechanical stirrer (Model SFJ-400, Shanghai Modern Environmental
Engineering Technology Co., Ltd., China) at high speed (1500 r/min) for 10 min, and then sonicated by Branson
2800 Ultrasonic Cleaner (Model 2510 E-DTH, 100 W 40KHz, Branson Ultrasonic Co., Ltd., USA) for 8 h at 20 °C to
get CNFs-acetone mixture. (3) Heated (at 60 °C for 2 min) SWANCOR 2511-1A was dissolved in CNFs-acetone
mixture via stirring at high speed for 20 min and ultrasonically dispersing at 60 °C for 8 h to get a slurry-like
mixture. (4) The mixture was placed in a vacuum oven (Model DZ-2BC, Tianjin Taisite Instrument Co., Ltd., China)
to remove acetone and air bubbles. (5) After the mixture was cooled, the curing agent (SWANCOR 2511-1BS)
was added and mixed by mechanical stirring at low speed (500 r/min) for 5 min. (6) The CNFs/epoxy mixture was
poured into a silicone mold (20 mm x 20 mm x 40 mm), which was brushed a layer of oil for easily remove the
specimen after curing, and two copper wire mesh electrodes were embedded in the mixture (Fig. 2). No copper
mesh electrodes were added to the specimens for testing the mechanical properties. (7) The specimens were
pre-cured at room temperature for 24 h followed by a post-cure for an additional 8 h at 80 °C.

CNFs-epoxy

Epoxy lord agent 2 G
Curing agent Ay mixture

Stir (10 min) Stir (20 min) Stir (5 min)
Sonication (8 h20°C) Sonication (8§ /60T )

Fig. 1. Preparation process of the nanocomposites.
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Fig. 2. Schematic and picture of specimens: (a) schematic of specimens for test of mechanical properties; (b)
Schematic of specimens for test of piezoresistive properties; (c) picture of a specimen for test of piezoresistive
properties. (Units in mm).

2.3. Measurements

2.3.1. Mechanical measurement

For each type of CNFs/epoxy composites, three identical specimens were prepared and tested. The compression
test was performed by using an electronic universal testing machine (Model WDE-200E, Jinan Gold Testing
Machines Inc., China) at room temperature. A displacement control protocol was used in the compression
testing with a constant loading rate of 0.4 mm/min. Two pairs of strain gauges were glued symmetrically at the
opposite sides of the middle section of the specimen to test strains. In each pair of the strain gauges, one was in
the axial direction and the other was in the lateral direction. The DH3820 strain acquisition device (Donghua
Testing Technology Co., Ltd., China) was employed to record strain data. The compressive strengths, Poisson’s
ratios and elastic moduli of the CNFs/epoxy composites were calculated from the uniaxial compression test
results.

2.3.2. Electrical measurement

The electrical resistance of the specimens without loading was tested by two-electrode method using a Keithley
2100 digital multimeter (Keithley Instruments Inc., USA). The two copper wire meshes were served as the
electrical contacts for conducting the current and measuring the voltage, simultaneously. The two-electrode
method was chosen to measure the electrical resistance rather than the four-electrode method due to the
better suitability, in terms of implementation [37]. The volumetric electrical resistivity (the resistance per unit
volume in the bulk material) p is determined by:

A
()p =R+

where R is the measured electrical resistance, A is the cross-sectional area of the sample, and L is the separation
between the two electrodes.

2.3.3. Piezoresistive measurement

The specimens with 0.29 vol% of CNFs were chosen to test piezoresistivity under different loading rates from
0.2 mm/min to 5 mm/min to study the effect of loading rate on the piezoresistive properties. Subsequently, the
specimens with 0.29 vol%, 0.58 vol% and 1.16 vol% of CNFs, respectively, were subjected to

the monotonic, constant amplitude cyclic and incremental amplitude cyclic loadings. For the constant amplitude
cyclic loading, the peak value was 25 MPa and the valley value was 0.75 MPa (shown in Fig. 3a) so that the
specimen was kept in the approximate elastic state. The incremental amplitude cyclic loading was achieved by
gradually increasing the loading step in steps of 10 MPa, 15 MPa, 20 MPa, 25 MPa and 35 MPa, respectively, and
each step was cycled three times (shown in Fig. 3b). For each type of CNFs/epoxy composites, six identical
specimens were prepared. Three specimens were tested under monotonic compressive loads until their failures,
and the other three specimens were first subjected to constant cyclic loading and then subjected to incremental
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amplitude cyclic loading to simulate realistic loading conditions. During the test process, the DC resistance was
tested by two-electrode method via the Keithley 2100 digital multimeter and the axial strain was monitored by
one pair of strain gauges which were glued symmetrically at the opposite sides of the middle section of the
specimen. The experimental setup was shown in Fig. 4.
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Fig. 3. Loading history: (a) constant amplitude under cyclic loading; (b) incremental amplitude under cyclic
loading.
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Fig. 4. Experimental setup of piezoresistive test.

2.3.4. Microstructure characterization

The morphologies of the CNFs/epoxy composites were examined by using a scanning electron microscope (SEM)
(Nova NANOSEMA450, FEI Inc., USA). The samples used for optical microscopic analysis were cut from the failure
regions of the fractured specimens. Before the SEM observation, the fractured surfaces were gold coated using

an ion sputter equipment to improve the conductance for proper investigation. There are many factors affecting
the CNF dispersion in the epoxy matrix. In order to reduce the variation among SEM images, five samples were
investigated by the SEM for each group of specimens with same CNF content.

3. Results and discussions

3.1. Microstructure

It should be noted that the samples with the same content of CNFs had the similar microscopic characters at

the fracture surface and all SEM images shown in this study are the typical results. Fig. 5 shows the SEM pictures
of nanocomposites filled with different amount of CNFs (0 vol%, 0.29 vol%, 0.58 vol% and 1.16 vol%).
Comparison of the nine images in Fig. 5 indicates that CNFs were dispersed uniformly in the epoxy matrix when
the contents of CNFs were not more than 0.58 vol% (Fig. 5b—e), while a little more agglomerations of CNFs were
observed when the content of CNFs was 1.16 vol% (Fig. 5f—i). However, most of the CNFs can be dispersed in the
epoxy matrix to form conductive networks throughout the structure. The achievement of the good dispersion of

CNFs is significant for enhancing the nanocomposites' properties, especially the mechanical properties and the
piezoresistive reproducibility.
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3.2. Mechanical properties
Mechanical properties including compressive strength, elastic modulus and Poisson’s ratio, were determined for
the CNFs/epoxy composites from the uniaxial compressive tests. Fig. 6a shows the static compression stress-

strain curves for the composites containing different contents of CNFs. The changes in compressive strength,
elastic modulus and Poisson’s ratio versus the CNFs content are shown in Fig. 6b—d, respectively. The column
charts show the average values with error bars obtained from three samples for each type of composite. As
shown in Fig. 6a, the composites with various contents of CNFs exhibited a similar stress-strain relationship. The
stress-strain curves show a nearly linear relationship before the stress reached around 30-40 MPa, while

the nonlinear responses were observed under larger stress. Fig. 6b indicates that strong influence of the
introduction of the CNFs on the compressive strength. The compressive strength increased significantly when
the content of CNFs was increased up to 0.58 vol% and then decreased slightly when the content of CNFs further
increased to 1.16 vol%. The compressive strengths of the composites filled with 0.58 vol% CNFs reached the
maximum of 77.6 MPa, which was 16% higher than that of the control specimens. As shown in Fig. 6¢c and d, the
elastic moduli and the Poisson’s ratios of the nanocomposites varied by changing the contents of the CNFs. The
elastic modulus increased, while the Poisson’s ratio decreased with the increase of the content of CNFs.
However, CNFs had a greater impact on the elastic moduli of the composites, which increased 26% for the
specimens with 1.16 vol% compared to the control specimens.



https://0-www-sciencedirect-com.libus.csd.mu.edu/topics/engineering/nanocomposite
https://0-www-sciencedirect-com.libus.csd.mu.edu/topics/engineering/compressive-strength
https://0-www-sciencedirect-com.libus.csd.mu.edu/topics/engineering/youngs-modulus
https://0-www-sciencedirect-com.libus.csd.mu.edu/topics/engineering/compressive-test
https://0-www-sciencedirect-com.libus.csd.mu.edu/science/article/pii/S0263822318313102#f0030
https://0-www-sciencedirect-com.libus.csd.mu.edu/topics/engineering/stress-strain-curve
https://0-www-sciencedirect-com.libus.csd.mu.edu/topics/engineering/stress-strain-curve
https://0-www-sciencedirect-com.libus.csd.mu.edu/science/article/pii/S0263822318313102#f0030
https://0-www-sciencedirect-com.libus.csd.mu.edu/science/article/pii/S0263822318313102#f0030
https://0-www-sciencedirect-com.libus.csd.mu.edu/topics/engineering/nonlinear-response
https://0-www-sciencedirect-com.libus.csd.mu.edu/science/article/pii/S0263822318313102#f0030
https://0-www-sciencedirect-com.libus.csd.mu.edu/science/article/pii/S0263822318313102#f0030

-]
=

(a) i 7.6 770 (b)

-1
I

S5

o
=

T0r

Stress ( MPa)
&

Compressive Strength (MPa)

W === 0 vol%
0 F 020 w— 0.116 vol%
===029 vol% 65+
15 —-—- 058 vol%
— 116 vol%
0 60
2 4_ . [ 8 10 12 0 0lls 029 0.58 L16
Strain (%) CNFs Concentration {vol%)
35 0.45

(d)

0.438

0a4 0.432
T

30

Elastic Modulus ( GPa)
=1
'S
9]

Poisson's ratio
=]
-
[S]

(=3
S
b

2
-y
=)

0 0116 029 058 116
CNFs Content (vol%)

0 0116 029 0.58
CNFs Coneentration {(vol%)

Fig. 6. Mechanical properties of CNFs/epoxy composites: (a) stress-strain relationship for CNFs/epoxy
composites; (b) compressive strengths of CNFs/epoxy composites; (c) elastic moduli of CNFs/epoxy composites;
(d) Poisson’s ratio of CNFs/epoxy composites.

The interfacial bond between the CNFs and the epoxy matrix enables the load to be transferred to the CNFs
through the interface, which is an important factor for enhancing the mechanical properties of the composite.
CNFs have larger strengths and elastic moduli than those of epoxy matrix. Because part of the load is supported
by the CNFs and the lateral deformation is reduced due to the constraint of the CNFs, the compressive strengths
and elastic moduli of the nanocomposites are improved. Meanwhile, the pulling effect of the CNFs in the epoxy
matrix also constrained the transverse deformation of the composites, resulting in a decrease in the Poisson’s
ratio of the composite compared to the control epoxy composite. However, when the content of CNFs was
increased to 1.16 vol%, the inhomogeneous dispersion of CNFs into the matrix leaded to the appearance of
much agglomerations (Fig. 5f—i). The agglomeration of the CNFs causes defects in the composites, resulting in a
decrease in the strengths of the composites. This is the reason why a decrease in the compressive strengths of
composites filled with 1.16 vol% CNFs happened as shown in Fig. 6b.

3.3. Electrical properties

Fig. 7 shows the measured electrical resistivity of the CNFs/epoxy composites versus the contents of CNFs. It is
observed that a significant decrease of resistivity when the content of CNFs increased from 0 to 0.58 vol%, and
then a much smaller decrease rate at higher content of CNFs. The content range where the resistivity varied
drastically is called the percolation threshold. Therefore, the possible percolation threshold zone of the
CNFs/epoxy composites ranges from 0.116 vol% to 0.58 vol% (the corresponding resistivity dropped from

1.01 x 108 Q-cm to 2.64 x 10* Q-cm) in this study. The electrical resistivity of the CNFs/epoxy composites reached
the minimum value of 2.93 x 10® Q-cm when the CNFs content was 1.74 vol%. In order to confirm the
percolation threshold of CNFs in the nanocomposites from theoretical investigations, a statistical

model described by the General Effective Media (GEM) equation was explored. It takes into account

the conductivities of constituent materials and is given by [38]:
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where @ is the volume fraction of CNFs; p, p., and p. are the electrical resistivity of the nanocomposite, epoxy,
and CNFs, respectively; . is the critical volume fraction of CNFs (i.e., the percolation threshold, and when ¢ is
larger than ¢, CNFs can form conductive paths in the nanocomposite); and t is a shape exponent. The electrical
resistivity of epoxy used in this study (about 10310 Q-cm) is much larger than that of CNFs (102-107 Q-cm).
Therefore, the resistivity of epoxy can be assumed to approach infinite [39], i.e., pe = o0, and a simplified
solution of Eq. (2) can be obtained as:

(4)p = k(p — @)t fore > ¢,

where k is a constant. The best fit of our experimental resistivity data to log-log plots of Eq. (4) (shown in the
inset of Fig. 7) gives the values of ¢. and t for CNFs/epoxy composites are 0.186 vol% and 1.59, respectively.
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Fig. 7. Electrical resistivity of CNFs/epoxy composites as a function of CNFs content. (Inset: logarithm
of conductivity as a function of logarithm of reduced volume fraction and fit to a line).

The results agree with the paths theory, i.e. the number of conduction paths between the CNFs increases in the
composite with the increase of the CNFs content. Therefore, more contacts between the CNFs might be the
major reason causing the decrease of the electrical resistivity of the composites. Meanwhile, when the CNFs
content is increased, the gaps between the CNFs become narrower and the electronic charges can transport
between CNFs easier, which also causes smaller resistivity. A sparse conductive network is formed in the
composites with low content of CNFs. Therefore, they have a lower electrical conductivity compared with those
with more CNFs.

3.4. Piezoresistive properties

3.4.1. Effect of loading rates on piezoresistive properties

The major purpose of this research is to study the possibility of using the CNFs/epoxy composites as a sensor
for structural health monitoring of civil infrastructures. Therefore, the piezoresistive properties of the
composites were investigated and are discussed in this section.

Since the content of 0.29 vol% is close to the percolation threshold of the CNFs/epoxy composites, the
specimens with 0.29 vol% CNFs were chosen to investigate the effect of loading rate on their piezoresistive
properties and to select the appropriate loading rate for the subsequent experimental tests. Five loading rates
(0.2,0.4,0.8,1.5 and 5.0 mm/min) were applied to load specimens. Fig. 8 shows the variation of stress and
relative resistivity as the functions of strain, respectively, under different loading rates.
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Fig. 8. Responses of stress and relative resistivity to strain under compression with different loading rates.

The stress-strain curves plotted in Fig. 8 indicate that the deformation of the composite during test was in the
elastic region, which agrees well with the results in Section 3.2, i.e., the stress-strain curves presented an
approximate linear relationship before the stress reached 30 MPa. Fig. 8 shows that the piezoresistive
properties of the composites were almost unaffected by the loading rate lower than 0.4 mm/min, while the
fluctuation of the curve of the relative change in electrical resistivity was observed under larger loading rate.
Especially, the curve shows a noticeable fluctuation when the loading rate exceeds 1.5 mm/min, which reveals
that large loading rates will deteriorate the stability of the piezoresistive properties of the composites. The
conductive networks formed by CNFs inside the specimens vary uniformly as the slow deformation of the
specimens under small loading rates, leading to the stable behavior of the piezoresistive properties. When the
loading rate is large, the inhomogeneous deformation in the longitudinal direction of the specimen leads to the
sudden change of the internal conductive network, which causes the resistance of the composites unstable
during the loading process. Therefore, in the following tests, the loading rate of 0.4 mm/min was chosen to
ensure the composites possessing stable piezoresistive properties.

3.4.2. Piezoresistive properties under monotonic loading

To evaluate the piezoresistive properties of the CNFs/epoxy composites, the samples were tested

under monotonic compressive loading till failure. Fig. 9 shows the typical variation in relative resistivity

under monotonic loading for the CNFs/epoxy composites containing 0.29 vol%, 0.58 vol% and 1.16 vol% of CNFs.
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Fig. 9. Response of relative resistivity to compressive strain under monotonic static loading.
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It can be observed from Fig. 9 that the composites filled with CNFs exhibit strong piezoresistive behaviors when
they are subjected to uniaxial compression. Regardless of the content of CNFs, the relative change in electrical
resistivity, Ap/po, increased linearly with the increase of the applied strain up to a certain value, and then
decreased thereafter. The maximum relative resistivity changes are 37%, 50% and 68%, for the nanocomposites
filled with 0.29 vol%, 0.58 vol%, and 1.16 vol% of CNFs, respectively.

Compared with the stress vs strain curves (Fig. 6a), the transition points in Fig. 9 are close to the elastic
deformation limits of the specimens, beyond which the specimens enter the plastic zone. The compression of
the epoxy matrix under load leads to a reduction of the distances between the neighboring CNFs. According to
the tunneling conduction theory, a reduction of tunneling gap provokes an evident decrease of electrical
resistivity [39]. When the specimen enters plastic stage with the increase of the load, micro-cracks are initiated
and developed in the specimens. These micro-cracks generate gaps and increase the distance between CNFs,
therefore hinder the tunneling effect. Meanwhile, as the cracks expand and develop with the increase of the
load, fewer contacts between CNFs lead to the decrease of conduction paths. These may be the main reasons
that the CNFs/epoxy composites exhibited the piezoresistive responses shown in Fig. 9.

The strain sensitivity coefficient (S), also called Gauge Factor, of a strain sensor, which is defined as the ratio of
the relative change in electrical resistance AR/R;) and the strain (), is given by Eq. (6) [40].

__AR/Rg
(5)S = —

where AR is the electrical resistance increment, Ry is the initial electrical resistance without loading. The values
of strain sensitivity coefficient obtained by linear regression analysis of the data according to Eq. (5) are 29, 37
and 56, respectively. It should be noted that the data used for this analysis is from the elastic region of the
nanocomposites. It is widely recognized that the gauge factor of nanocomposite strain sensors is affected by the
number of conductive pathways [3], [12], which can be altered by changing the content of CNFs in the
nanocomposite. Upon increasing the content of CNFs from 0.29 vol% to 1.16 vol%, the strain sensitivity
coefficient increases continuously from 29 to 56, which is much higher than that of the traditional electronic
resistance strain gauges (about 2).

3.4.3. Piezoresistive properties under constant amplitude cyclic loading

In order to simulate realistic loading conditions, piezoresistive behaviors of CNFs/epoxy composites under
constant and incremental amplitude cyclic loadings were investigated in this research. To evaluate the
piezoresistive stability of CNFs/epoxy composites strain sensors, they were subjected to constant

amplitude cyclic loading and unloading (i.e., eight compressing and releasing cycles) with a loading rate of

0.4 mm/min. Pre-pressure treatment for each specimen was carried out by applying cyclic preconditioning strain
before cyclic loading test in order to achieve a stable conductive state.

Fig. 10 shows the typical value of Ap/po as a function of the number of cycles of loading to 25 MPa and unloading
to 0.75 MPa applied to the composites filled with different contents of CNFs. It is observed from Fig. 10 that the
instantaneous response of the relative change in resistivity closely follows the change of the strain/stress, which
indicates that the resistivity of the specimens varies synchronously with the applied strain/stress. The value of
the relative change in resistivity steadily increases with the increase of compression and then gradually
decreases during unloading. In the compressing-releasing cycles, the composites with different contents of CNFs
essentially recover their resistance after releasing, indicating excellent stability and reproducibility of the
piezoresistivity. However, piezoresistive responses of the nanocomposites with lower CNF contents exhibit a
slight fluctuation during cyclic loading and unloading. The piezoresistive behavior is due to

the nanoscale structural change in the percolation and corresponds to a stochastic separation of the conducting
pathways because of the increased matrix strain/stress. Electrons can tunnel through a polymer matrix if the
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distance between the adjacent CNFs is less than the tunneling distance (of the order 5-50 nm) [41]. Therefore,

during the constant amplitude cyclic loading, the reversible approaching/leaving of the conductive fillers causes
the resistivity increase/decrease.
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Fig. 10. Time-history relationship between relative change in resistivity and constant cyclic compressive
stress/strain for composites filled with (a) 0.29 vol%; (b) 0.58 vol%,; (c) 1.16 vol% of CNFs.

3.4.4. Piezoresistive properties under incremental amplitude cyclic loading

Composites filled with different contents of CNFs were subjected to incremental amplitude cyclic loading with a
loading rate of 0.4 mm/min. Fig. 11 shows the typical relationships between relative change in resistivity and the
strain/stress of the composites filled with different contents of CNFs. The change of resistivity with time has
similar trend to that of the incremental amplitude cyclic loading. It can be observed from the figure that the
relative change in resistivity has excellent repeatability under cyclic compression regardless of the contents of
CNFs in the nanocomposites. The relative change in resistivity of the CNFs/epoxy composites increases with the
increase of the cyclic loading amplitude and the increase of the content of CNFs. This phenomenon is due to the
increase of CNFs amount and the decrease of the distance between the neighboring CNFs. The distances of the
conductive CNFs in the epoxy matrix become smaller with the increase of the loading amplitudes. According to
the tunneling conduction theory, a reduction of tunneling gap leads to a significant decrease of the electrical

resistivity. Therefore, the larger stress amplitude is applied to the nanocomposite, the more sensitive
piezoresistive properties of the composite has.
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Fig. 11. Time-history relationship between the relative change in resistivity and the incremental cyclic
compressive stress/strain for composites filled with (a) 0.29 vol%,; (b) 0.58 vol%; (c) 1.16 vol% of CNFs.

3.5. Mechanisms of piezoresistive properties

The previous discussions indicate that the piezoresistive properties of the CNFs/epoxy composites are related to
the tunneling conduction theory and the percolation conduction theory. When the content of CNFs is relative
low (below 0.186 vol% in this study), tunneling conduction is the major cause for the decreases in the electrical
resistivity of the composites. The electrical conductivity is low without loading since there are a few CNFs and no
contacts between them as shown in Fig. 12. During loading, the epoxy matrix experiences a much larger
deformation in the direction of compression, which results in a reduction of the distance between CNFs (Blue
path @ shown in Fig. 12). Meanwhile, more tunneling paths will be formed (red path @ shown in Fig. 12). The
conductivity of the nanocomposites increases gradually due to the tunneling effects among those neighboring
CNFs, although there is no complete conductive path formed by contacting CNFs.
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Fig. 12. Schematic diagram of piezoresistive mechanisms of the composites with low contents of CNFs.

When the content of CNFs is relative large (higher than 0.186 vol%), the electrical conductivity of composites increases
remarkably by the percolation conduction as shown in Fig. 13. In this case, the complete electrically conductive paths
connect by some CNFs contacting each other (blue paths in Fig. 13), which may be considered as the major cause for the
decrease of the electrical resistivity of the composites with large content of CNFs. During compression, more conductive
paths (red path shown in Fig. 13) created by the contacts among the CNFs will be formed, which leads to a further decrease
in the resistivity of the nanocomposites. During the cyclic loading, the destruction and reconstruction of conductive paths
cause the piezoresistive responses of the nanocomposites.
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4. Conclusions

In summary, self-sensing CNFs/epoxy composites were prepared by mechanical stirring and ultrasonic
treatment. The mechanical, electrical and piezoresistive properties of the composites filled with different
contents of CNFs were investigated. Based on the tunneling conduction and percolation conduction theories,
the mechanisms of piezoresistive properties for the nanocomposites were also explored. The following

conclusions can be drawn from this study:

(1) SEM results showed that most CNFs can be uniformly dispersed in the epoxy matrix to form the conductive
networks. However, a little more agglomerations of CNFs were observed when the CNFs content was
relative large, which had adverse effects on the mechanical and piezoresistive properties of the
nanocomposites.

(2) The compressive strengths and elastic moduli of the nanocomposites were considerably enhanced by
incorporating CNFs. The interfacial bond between the CNFs and the epoxy matrix, facilitating the load to
be transferred to the CNFs through the interface, is an important factor for enhancing the mechanical
properties of the nanocomposites.

(3) When the content of CNFs was increased, a significant decrease of electrical resistivity of the

nanocomposites was followed by a much smaller decrease at higher content of CNFs. The percolation
threshold of CNFs in the nanocomposites is 0.186 vol% via solving the General Effective Media equation.

(4) The CNFs/epoxy composites exhibit a stable and repeatable piezoresistive property under monotonic,
constant amplitude cyclic and incremental amplitude cyclic loadings. The gauge factor ranges from 29 to
56 for the nanocomposites filled with CNFs contents from 0.29 vol% to 1.16 vol%, which demonstrates
that the compressive strain sensors fabricated by these nanocomposites have considerable potentials to
be used for structural health monitoring.
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