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Self-sensing properties of smart
composite based on embedded
buckypaper layer

Zhichun Zhang', Hanqing Wei', Yanju Liu? and Jinsong Leng'

Abstract

Advanced polymer matrix composite is a brittle material, and local fibre, matrix fracture and bonding delamination will
cause the catastrophic failure of the composite. So, the strain and damage structural health monitoring of the composite
material and its structures is very important for its applications. Based on the piezo-resistivity effect, micro-pore struc-
ture and resin infiltration properties of buckypaper, in this study, we develop a self-sensing composite based on
embedded buckypaper, which only acts as a sensing layer to monitor the strain and damage of the composite. The strain
and damage of the composite are reflected by the resistance change in the embedded buckypaper. The strain sensing
properties of the buckypaper/epoxy film with different buckypaper aspect ratios 3:1, 6:1, 9:1, 12:1 and I5:1 were studied
with voltammetry method, and the results indicated that there were two-stage relation between resistance change and
strain, and under low strain level (~2000 j.€), the strain sensitivity was nonlinear and unstable, but in the high strain level,
the strain sensitivity was high with strain factor about 6.2, which was independent of the dimension of buckypaper layer.
The self-sensing composite made of glass fibre—reinforced composite with embedded buckypaper shows the same strain
sensing properties as buckypaper/epoxy film; at same time the damage revolution of the composite could be monitored
by resistance development. The scanning electron microscope characterization demonstrated that the resin can pene-
trate into buckypaper of the composite and form strong bonding interface. The self-sensing composite can be applied in
further large-scale advanced polymer composite materials and structures structural health monitoring (strain monitoring
and damage detecting).

Keywords
Buckypaper, piezo-resistive effect, strain sensing, structural health monitoring

active damage monitoring and location based on Lamb
wave using at least two PZT transducers (one for actua-
tion and other for sensing).' ™ In the above three moni-
toring methods, the size of the sensors (FBG, PZT) is
relatively large comparing to the fibre of the composite,
and sensor embedment will lead to a decrease in
mechanical properties of the composite.

Introduction

Advanced polymer matrix composite, for its light
weight, high strength and corrosion resistance, is widely
applied in aeronautical, aerospace, automobile and civil
engineering and wind turbine blade structures. The
composite structures are often subjected to high stress,
fatigue and impact loads, which cause the local fibre
breaking, matrix cracking or bonding interface delami-
nation, and then will lead to the sudden failure of the
composite. Up to now, monitoring the strains and dam-
ages is the main problem of composite material struc-
tural health monitoring. In the last two decades, several
monitoring methods for composite structural health
monitoring emerged, such as the strain monitoring
based on fibre Bragg grating (FBG), passive damage
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Because of the excellent mechanical property and
nano size effect of carbon nanotube (CNT), CNT can
be used as the filler of advanced polymer matrix com-
posites and polymers to enhance their mechanical per-
formance, such as improving the bonding interface,’
increasing composite surface wearability® and improv-
ing polymer heating resistance. Most importantly, CNT
can serve as conducting filler of composites or polymers
to improve their conductivities, which act as antistatic,
electromagnetic interference (EMI) shielding and elec-
tric heating materials. Moreover, in CNT-filled poly-
mers or composites, there is reversible correlation
between the mechanical force of deformation and their
electric resistance, which is called the piezo-resistive
effect. In the literature,” ® the CNTs (single-walled car-
bon nanotube (SWCNT) and multi-walled carbon
nanotube (MWCNT)), polymer matrix (thermosetting,
thermoplastic), CNT load (0.05-10 wt%) and the other
effecting factors were considered. The conductivity and
gauge factor of the sensors increased with the increase
in CNT load. But under high the CNTs filling percent-
age, there is a nonlinear sensing relationship between
the resistance change and strain. This is caused by the
non-uniform CNT distribution in the sensors at high
CNT load. For the large specific surface area of CNTs,
increasing load leads to increase in polymer viscosity,
which can also cause CNTs aggregating in the matrix.
Ashrafi investigated the SWCNT-modified epoxy sen-
sor to monitor the crack evolution of the aluminium
structure under fatigue loading. The mechanical test
result demonstrated that CNT modification reduced
the mechanical properties of the epoxy, which is caused
by the poor decentralization of the CNT fillers. And the
crack evolution process of the host aluminium structure
could be inspected by monitoring the sensor current.'®
Chou and colleagues'' ! investigated the delamination
of CNT/fibre composite, where CNT distributed into
composite matrix during its fabrication and formed the
continuously conducting network in the matrix. The
internal damage, such as delamination, matrix crack,
will disrupt the conducting net and will cause the resis-
tance of composite change. They successfully detected
the composite joints’ damage failure by this method.
Buckypaper (BP) is a thin two-dimensional (2D) mem-
brane with meso/macropore structure, which is only
composed of random uniform distributed or aligned
CNTs assembled by van der Waals forces among adja-
cent tubes.'* BP fabrication methods include filtra-
tion,'> chemical vapour deposition (CVD) growth'®
and layer-by-layer deposition.!” Because BP is made up
of CNTs, and the contract distance in the range of van
der Waals force between connecting tubes, the contract
resistance is relatively low. But BP also has piezo-
resistive effect. Kang et al.'® and Wang et al.'” investi-
gated the free-standing random distribution BP strain

sensing properties by cantilever beam bending and
three-point bending experiment, respectively. The
results demonstrated that the free-standing BP’s in-
plane tensile sensing properties are bad and emerge
nonlinear. But Parmar et al.’s*® work of the aligned BP
revealed that the alignment BP had good in-plane sen-
sing performance, especially in the direction perpendi-
cular to the alignment.

From our former work,?! the BP is a 2D thin mem-
brane with meso/macropore structure, and the epoxy
resin has low contract angle (23 °), which indicates that
the epoxy resin can infiltrate inside the BP to form a
BP/epoxy composite. The BP/epoxy composite pos-
sesses piezo-resistive effect and can act as strain sensor
in CNT-modified epoxy composite. The BP/epoxy com-
posite fabrication process can avoid the problems in
CNT/epoxy composite, such as CNT aggregation, the
resin viscosity increasing.

In summary, the uniformly distributed CNTs in the
matrix can form continuous conducting network, which
can be used to monitor the strain and detect damage of
polymer and advanced fibre-reinforced polymer com-
posite. Because of the large specific surface area of the
CNTs, the dispersion of CNTs is key problem of CNTs
filled composite, which affects its sensing and mechani-
cal properties.

In this study, we propose a self-sensing fibre-rein-
forced polymer composite with embedded BP layer,
where the BP just acts as strain and damage sensing
layer based on piezo-resistive effect, but the fibre bears
the loads. The BP sensing layer in the composite is a
just a BP/polymer composite. We investigated the
impact of BP sensing layer size on its sensing perfor-
mance, by studying the different aspect ratios of BPs.
And the strain and damage sensing performances of
the self-sensing composite were investigated.

Experimental

Materials

In this study, the BP was made of highly purified
SWCNT, which was purchased from Chengdu Organic
Chemicals Co., Ltd, China. The outer diameter of the
SWCNT is 1-2nm, and the tube length ranges from 5
to 30 wm, which was synthesized by a chemical vapour
deposition, whose purity is more than 95wt%. Triton
X100 (biochemical grade; Aladdin Chemical Reagents
Co., Ltd, China) was used as a nonionic surfactant in
BP fabrication progress. Bisphenol A type epoxy resin
(EX-2511-1A; ShangWei Wind Power Material Co.,
Ltd, China) was used as composite matrix, the average
viscosity of which ranges 900-1400 cps. An amine-type
room temperature hardener (EX-2511-1BS; ShangWei
Wind Power Material Co., Ltd) was employed. The
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weight ratio of epoxy and hardener is 10:3, which cures
at room temperature for 24 h.

BP, BP/epoxy composite and BP/glass fibre/epoxy
composite preparation

BP fabrication. In this study, we employed the filtration
process to fabricate the BP, which included CNT aqu-
eous suspension preparation, vacuum filtration, water
rinse and drying. A measure of 500 mg SWCNTs and
2.5g Triton X100 and a volume of 5L deionized (DI)
water were mixed and stirred for 4 h, followed by four
cycles of continuous ultrasonication (Vibra-Cell™,
700 W; Sonics, USA) with 50 mL/min liquid flow rate
at 40% of the power. Then the dispersed CNTs suspen-
sion was vacuum filtrated with 0.45mm porous dia-
meter Nylon filtration membrane. The nanotubes
uniformly deposited on the surface of the membrane.
DI water was used to wash the CNT deposition on the
membrane with the aid of vacuum, and then, it was
dried in oven at 60°C for 10h. The free-standing BP
peeled of the membrane after drying.

BP/epoxy film preparation. In this section, we wanted to
investigate the impact of BP sensing dimension on the
sensing properties of BP/epoxy composite; 10mm
width was employed and five aspect ratios of 3, 6, 9, 12
and 15 were used. Five BP/epoxy film samples were
fabricated. We used two electrodes’ method to measure
the resistance of the BP sensing layer. The BP was cut
into 10-mm-wide strips. Two copper wires (diameter:
0.1 mm) were bonded to the surface of the BP by con-
ducting silver glue, and the spacing of the two electro-
des is the length calculated by the aspect ratio. The BP

Figure |I. Self-sensing composite specimen for damage
detecting with artificial V-notch damage (the horizontal red
arrow indicates the edge of BP).

with electrodes was cured in oven at 120°C for 2h to
make sure of the electrodes bonding to the BP. After
the BPs (with electrodes) were infiltrated by epoxy resin
(with hardener), it was compressed by two glass plates
(which is disposed by release agent) to form a uniform
thickness film and was cured for 24 h at room tempera-
ture. Because the composite was very thin and brittle,
we prepared aluminium dog-bone-shaped plate as host
structure. In the sensing test, the BP/epoxy film was
bonding along the surface of the host plate.

BPIglass fibrelepoxy self-sensing composite preparation. In
this section, we just investigated the strain sensing
properties and damage detection of the glass fibre com-
posite with embedded BP. The BP width was also
10mm and the spacing 90mm (aspect ratio =9), in
order to compare with the BP/epoxy film results. The
whole dimension of the composite was 18 X 200 mm®
(width X length). Four layers of orthogonal woven
glass fibre fabric were used. The BP was placed on one
surface of the composite, in the centre of the composite.
The total thickness of the composite with embedded
BP was 2mm. Two samples were fabricated, one for
cycle strain sensing test and the other for damage detec-
tion. To make sure the damage happened in the length
range of BP, we made a V-notch at the centre of the BP
length direction. The cone depth was 2.43mm and the
cone tip to BP edge was 1.6 mm. To compare with the
BP detecting result, an electric strain gauge bonded
along the edge of the BP and under the cone tip, as
shown in Figure 1.

Characterization

The BP and its composite morphology were observed
by Quanta 200F field-emission scanning electron
microscope (FE-SEM) with an operating voltage of
30kV. Conductivity was measured using a Napson
Resistivity Measurement System (RG-7C) Four-Point
Probe with 0.4mm probe tip diameter and 1.0 mm tip
spacing.

As the piezo-resistive effect is the relation between
deformation (or strain) and resistance change, the
strain and damage sensing properties of the BP/epoxy
films and BP/glass fibre/epoxy composites were deter-
mined on the static tension test frame (Shanghai Heng
Wing Precision Instrument Co., Ltd; maximum tension
force: 50 kN, China) for tensile deformation. The load-
ing speed was controlled by the test frame beam displa-
cement rate, which was 2.0 mm/min. The resistance
change in BP in the two kinds of composites was mea-
sured by voltammetry method. And the measurement
system composed of a constant current power supply
(ITECH, USA) and a high-precision voltage
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acquisition equipment (GL900-8; Graphtec, Japan),
with electrical voltage recording resolution of 0.1 mV in
0-2V measurement range and with the data sampling
frequency of 100 Hz at most.

The resistance can be measured by the constant cur-
rent supply power and high-resolution voltage acquisi-
tion instrument. The constant current power supply can
supply constant current, and the current controlling
resolution is 0.1mA, the upper limits of current and vol-
tage are 10A and 100 V respectively; we used the vol-
tage acquisition system to record the voltage implied on
the testing BP composite samples and the system has
eight channels; and in the range of 2V, the voltage mea-
surement resolution is 0.1 mV and the sample frequency
can reach to 100 Hz. According to the current and vol-
tage supply on the BP composite, according to Ohm’s
law, we can calculate the resistance. The strain of the
composite was measured by electric strain gauge bond-
ing on the surface of the sample, along the tensile direc-
tion. Three strain gauges were bonded along the length
of the BP covering area, and the ultimate strain was the
average of the three strains. The strain data sample fre-
quency was 5 Hz.

Results and discussion

BP, BP/epoxy and self-sensing composite morphology

After fabrication, the free-standing BP with slide sur-
face was formed. The BP has relatively high ductility,
not as the normal paper’s, but can satisfy composite

fabricating operation requirements, as shown in Figure
2(a). The morphology shown in Figure 2(b) and (c)
indicated that the SWCNTs in BP appeared in rope
form and the diameter is about 100nm. And the
SWCNT ropes lied randomly and flat to each other.
And the pores in the BP were less than 100nm in dia-
meter, which existed in and between the SWCNT ropes
as proven by our previous work.?!

Figure 3(a) shows the SEM image of BP/epoxy film.
The film is composed of BP and epoxy resin, and there
are two epoxy-rich layers on both sides of the BP.
Because there are pores inside the BP, epoxy resin can
infiltrate into it. For the BP layer inside the BP/epoxy
film, the epoxy resin fills the pore of the BP and forms
a homogeneous structure. And there are no obvious
bonding interfaces between the BP and epoxy, avoiding
the delamination of the BP and epoxy matrix, which
ensures the sensing BP deforming consistently with the
composite film. The BP/glass fibre/epoxy self-sensing
composite is a laminated structure, composed of the
surface sensing BP/epoxy layer and main glass fibre—
reinforced epoxy load-carrying layer, as demonstrated
in Figure 3(b). Also because of the infiltration property
of epoxy in the BP, there is a good bonding formed
between the BP and the glass fibre/epoxy composite.
And this can ensure that the deformation and pene-
trated crack of the load-carrying composite can trans-
mit to the sensing BP/epoxy layer. From the above
analysis, in the self-sensing composite, the bonding
between the sensing element (BP layer) and measured

Figure 2. Photographs and FE-SEM images of the free-standing buckypaper and its morphology. (a) the photo of BP and
paperfolding plane made of BP, (b) FE-SEM image of BP, (c) the enlarged view of (b).
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Figure 4. Resistance between electrodes of BP and BP/epoxy
film for different aspect ratios.

object (the glass fibre—reinforced composite) is guaran-
teed for strain and damage monitoring.

BP, BP/epoxy and self-sensing composite electrical
properties

The resistivity of the BP (thickness: 50 wm) was mea-
sured by four-point probe method. The average resistivity
was 0.05Qcm. The resistivity of single SWCNT is less
than 10*Qcm, depending on its chiral structure. But
why the BP show high resistivity comparing to single
SWCNT? The BP is made of CNTs by the van der
Waals forces between CNTs, and there exist contact resis-
tance between CNTs, which cause the relatively high
resistivity than single CNT. And the contact resistance is
dominated by the contact distance between the two tubes
according to the tunnelling effect. To discuss the epoxy
infiltration effect on the resistivity of BP, we investigated

the resistances of BP (thickness: 50 wm, width: 10 mm,
resistivity: 0.05Qcm, with a pair of wire electrode resis-
tance: 0.9 Q) and after epoxy infiltration (in the BP/epoxy
film) with five different aspect ratios (different electrode
distances). The results are illustrated in Figure 4, where
the bars of BP by calculation were calculated according
to the law of resistance. Figure 4 demonstrates that the
calculation, before and after infiltration resistances corre-
sponding to the aspect ratio, has the same tendency, but
with little difference, which proves that resistance of BP
before and after epoxy infiltration approximately obeys
the law of resistance. But there are no consistent results
with different aspect ratios. It is because the calculating
results just consider the resistance of the BP (composing
resistances of CNTs and contact resistances) and elec-
trode wire resistance, but experimental BP’s resistance
result is composed of the resistance of BP, resistance of
the electrode wire the same as calculation and also resis-
tance change caused by bonding electrode, which lead to
the change in aspect ratio or introduced additional con-
tact resistance between electrodes and BP. To the BP and
the BP/epoxy film, the resistances increased with increas-
ing of the aspect ratio, but to the same aspect ratio, the
resistance of BP/epoxy film is larger than the BP’s. The
resistances of the BP and BP/epoxy film of the each
aspect ratio are measured on the same BP with affirma-
tive electrodes. The resistance change is caused by two
contrary reasons, one is epoxy infiltrates between CNTs,
which increases the resistance; the other is decrease in dis-
tances between connecting CNTs caused by the chemical
shrinkage during epoxy consolidation, which lead to the
decrease in resistance.

Self-strain sensing properties of BP/epoxy film

Because in self-sensing composite embedded with BP
layer the sensing layer is just as the form of BP/epoxy
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Figure 5. Sensing properties of BP/epoxy film with buckypaper aspect ratio of 3:1: (a) relation between strain and resistance
change and (b) cycling correlation between strain, resistance change and time.

film, we investigated the effect of the BP sensing layer
dimension on the strain sensing properties by BP/epoxy
film low strain level cycling tension and high strain
level tension experiments. Figures 5 to 10 show the
tensile and cycling sensing performance of the BP/
epoxy film with different aspect ratios. From part (a)
of Figures 5 to 9, the resistance change in the film and
strain were nonlinearly related for whole tensile pro-
cess. But it can be divided into stages such as low-
strain nonlinear stage and high-strain linear stage.

The strain sensing of the BP/epoxy film was depen-
dent on the piezo-resistivity, but it is different from the
free-standing BP. To free-standing BP, because the
poor bonding between CNTs, which is mainly produced
by van der Waals force and the tubes entanglement, the
piezo-resistivity is dominated by tubes contact distance
and area, almost no intrinsic resistance change happen
to the CNTs. But to the BP inside the epoxy, because of
the resin bonding effect, the CNTs can consistently
deform with the matrix, which cause the CNTSs’ intrin-
sic resistance change obviously. And at the same time,
the restriction of the matrix limits the contact resistance
change. The piezo-resistivity effect of BP/epoxy film is
dominated by the resistance change in CNTs, so BP/
epoxy film shows better strain sensing abilities com-
pared to free-standing BP.

During the infiltration epoxy resin consolidation
process among the random distributing CNTs in BP,
non-uniformly distributed residual stress (strain) will
exist in the CNTs. Under low strain level, the residual
stress or strain of the CNTs in BP redistribute, and the
resistance change is nonlinear to out strain; after resi-
dual strain distribution, with the increasing of out
strain, the CNTs deform in accordance with out defor-
mation, and resistance change will be linearly related to
out strain.

To characterize strain sensing property of the BP/
epoxy film, the gauge factor was introduced

_ AR/R,
- &

K (1)
where Ry is the resistance of the BP/epoxy film without
strain and AR is the BP/epoxy film resistance change
under certain strain (¢). To simplify the tensile process,
we regarded the low and high strain levels as two
regions of part (a) of Figures 5 to 9, respectively, and
linear fittings were performed to each regions. And the
gauge factors of the low and high strain levels in each
aspect ratio BP/epoxy film were obtained, as shown in
Figure 10(b). The gauge factors in high strain level were
almost the same (about 6.20) for the five different aspect
ratios of BP/epoxy film. But to the low strain region, the
gauge factors were different from different aspect ratio
BP/epoxy films. That’s because that, to the low strain
region, the resistance change is nonlinear to strain. In this
paper the gauge factor of this region was got by linear fit-
ting, and existed large errors. Figure 10(a) shows the resis-
tance change versus strain curve of five different aspect
ratios of BP/epoxy films; the absolute resistance change in
the BP film with 3:1 aspect ratio is lower than other aspect
ratios, which is caused by relatively lower zero strain resis-
tance of the BP, but have no influence on the gauge factor
at the high-strain region. The cycling tension testing results
shown in part (b) of Figures 5 to 9 indicated that the resis-
tance change developed consistently with strain; there was
no hysteresis for the resistance change.

Strain and damage sensing of the self-sensing
composite with embedded BP layer

From the above BP/epoxy film tensile strain sensing
and cycling results, we investigated the strain sensing
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Figure 6. Sensing properties of BP/epoxy film with buckypaper aspect ratio of 6:1: (a) relation between strain and resistance
change and (b) cycling correlation between strain, resistance change and time.
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Figure 7. Sensing properties of BP/epoxy film with buckypaper aspect ratio of 9:1: (a) relation between strain and resistance
change of film and (b) cycling correlation between strain, resistance change and time.
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Figure 8. Sensing properties of BP/epoxy film with buckypaper aspect ratio of 12:1: (a) relation between strain and resistance
change and (b) cycling correlation between strain, resistance change and time.

Downloaded from shm.sagepub.com at Harbin Inst. of Technology on March 9, 2016


http://shm.sagepub.com/

134

Structural Health Monitoring 14(2)

o
o
o

—m— Low strain region
—®— High strain region
Low strain region linearal fit
***** high strain region linearal fit

o

o
i~
T

o
o
@

0.0035

0.0030

0.0025 -

0.0020

Strain

0.0015

0.0010

0.016
- 0.014
- 0.012
- 0.010
- 0.008
- 0.006

- 0.004

Resistance change (AR/R))

0.009 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

Strain

(a)

0.0005

0.0000

- 0.002

("9/V) 9Sueyd ooue)sIsay

o —®— Resistance Change 1
- 0.000
1 1 1 1 1 1 -0.002
0 50 100 150 200 250 300 350
Time(s)

Figure 9. Sensing properties of BP/epoxy film with buckypaper aspect ratio of 15:1: (a) relation between strain and resistance
change and (b) cycling correlation between strain, resistance change and time.
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and damage detecting properties of glass fibre/epoxy
composite embedded with BP layer (width: 10mm,
aspect ratio: 9:1).

The strain sensing results shown in Figure 11 exhib-
ited that the self-sensing composite had the same gauge
factor and cycling performance as BP/epoxy film under
high strain level and bad strain sensing performance
under low strain level, which indicated that the strain
sensing properties of the BP composite were unaffected
by the fabrication process. In order to study the dam-
age detection ability of the composite using embedded
BP layer, we explored the resistance revolution process
of the same self-sensing composite as above with an

artificial side penetrating V-notch damage under ten-
sion till breaking, as shown in Figure 12. Before the
strain of composite at the edge of BP beside the notch
tip arrived at about 0.1%, the strain and resistance
change increased linearly with time. There was a fibre
cracking sound as the composite strain reaching to
0.1%, accompanied with the sharp increase of the
strain monitored by the electrical strain gauge bonding
beside the notch. At the same time, the resistance of the
BP increased substantially. Within no more than 20 s,
the composite sample broke completely at the notch
and the resistance of the BP inside the composite
became infinity. In the testing process, before the sound
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Figure 1 1. Sensing properties of BP/glass fibre/epoxy self-sensing composite with buckypaper aspect ratio of 9:1: (a) relation

between strain and resistance change and (b) cycling correlation between strain, resistance change and time.
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during tensile failure process of BP/glass fibre/epoxy self-sensing
composite with artificial V-notch damage.

of fibre cracking, there were no damages (fibre break-
ing, delamination and matrix cracking) happening to
the composite, only concentrating strain exerting on
the strain gauge and BP. But after the fibre breaking,
the crack in the composite at the notch expanded to the
strain gauge leading to sharp increase in strain mea-
sured by strain gauge; at the same time, the crack pene-
trated into the BP and decreased the effective width of
the sensing BP layer, causing the resistance change
increasing obviously. When the crack of the composite
reached to some extent, the de-bonding will happen
between the strain gauge and the composite. But
because the width of BP was wider than strain gauge,
and embedded in the composite, the BP sensing layer
can record the crack evolution process until totally
breaking.

Conclusion

This study proposed a self-sensing fibre-reinforced
composite, which could monitor the strain and detect
damage of the composite by embedded BP sensing
layer based on its piezo-resistivity effect. The relations
between resistance change and strain of BP/epoxy film,
as the sensing layer in the self-sensing composite, indi-
cated that the BP film had high sensitivity at high
strain level (above 2000 pe), with gauge factor about
6.2, and had good cycling repeatability. And the
above sensing properties were independent of the size
of BP sensing layer, which could be used in long and
small gauge length according to monitoring require-
ments. The strain and damage sensing of self-sensing
fibre-reinforced composite shows that the composite
did not only show high sensitivity of strain but also
records the damage development of the composite.
The embedded BP sensing layer is a promising
approach for fibre-reinforced composite structural
health monitoring.
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