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Abstract

Stress monitoring and interlaminar failure detection attract much attention in glass fiber reinforced polymer
(GFRP) structural health monitoring area. However, due to limitations of sensing or electrode materials, existing
embedding sensors cannot be designed to have both of the abilities without sacrificing mechanical properties. This
work fabricated a sandwich-structured sensor, which is composed of three layers of electrospun polyvinylidene
difluoride membranes. The upper and lower electrodes are flexible membranes that ensure stable signal collection
in the rigid GFRP material system. The sensor can quantitatively monitor the stress based on piezoelectric effect,
and interlaminar crack propagation based on parallel plate capacitors. The voltage and capacitance values have a
linear relationship with the stress level and crack length (R-square of the functions is 0.999 and 0.933),
respectively. Due to the porous microstructure of electrospun membranes, polymer matric can well infiltrate the
polyvinylidene difluoride nanofibers while preparing the sensor embedded GFRP. Thus, the perfect bonding of the
sensor within GFRP ensures the effective sensing abilities until sample failure and negligible effect (< -7%) on the
mechanical properties of GFRP.

Keywords: Glass fiber reinforced polymer composites, electrospun PVDF, sandwich-structured sensor, stress
monitoring, interlaminar crack monitoring
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INTRODUCTION

Glass fiber reinforced polymers (GFRP) possess corrosion-resistant properties and excellent mechanical
abilities”, thereby making them a prevalent material in marine and aerospace equipment”. However, the
inevitable damage accumulation may lead to the failure of GFRP components and consequential financial
losses. So, in situ stress and damage monitoring of GFRP is important**. In particular, interlaminar crack is

6-8]

considered to be the most dangerous in laminate composite structures!

Currently, many technologies have been made in monitoring the stress and strain of GFRP during service',
such as strain gauges'”, fiber optic sensors!"""”, piezoelectric sensors"! and piezoresistive sensors. If the
sensors are bonded to the surface of the component, they may debond due to impact or long-term service.
Thus, embedded sensors are a better alternative"”. However, since the existing embedded sensors (such as
optical fibers" and ceramic piezoelectric sensors!”) are thicker than the interlayer of the laminate or have
weak interfacial bonding with the polymer matrix, they may cause severe mechanical effects"” on the
carbon fiber reinforced polymer (CFRP) composites. To minimize the effect on mechanical performances,
our group™ has designed an embedded sensor based on the commercial piezoelectric polyvinylidene
difluoride (PVDF) film. The sensor can achieve stress monitoring without sacrificing static and fatigue
mechanical performances of the fiber composites. However, the interlaminar crack detection was not
realized. Piezoresistive nanocomposite sensors are also an upcoming choice”. Wang et al. designed a
piezoresistive nanocomposite sensor for structural health monitoring (SHM)™. This sensor causes
negligible mechanical impact on composites, but it is only applied to the new GFRP structure type
presented in their work and it cannot monitor interlaminar cracks either.

Several works have developed interlaminar crack monitoring methods depending on electrical conductivity
of the laminate. The researchers used a variety of approaches, such as buckypapers®*, graphene””, carbon
nanotubes (CNTs)®* and carbon black, to monitor interlaminar crack propagation in CFRP. For
insulation fabric-based composites such as GFRP, it is necessary to improve the interlaminar conductivity

21,22 [23]

to achieve interlaminar crack monitoring®”. For example, Wu et al. incorporated conductive nanofillers
into the epoxy resin of GFRP to improve its conductivity, thus enabling GFRP to detect interlaminar crack
development". Kravchenko et al. introduced conductive interlaminar interfaces into GFRP, and achieved
interlaminar crack monitoring®. In summary, such methods necessitate external power supply and the
composites must be conductive in the crack propagation sensing.

Except the above-mentioned sensing materials, nanofiber membranes showed outstanding sensing
performances, such as used for dielectric capacitors, electronic skins"™, glucose sensors"', wearable
pressure sensors"”, flexible thermoelectric generators™ and gas sensors™. For GFRP composites, the
porous structure of nanofiber membranes facilitates polymer matrix infiltration and good interfacial
bonding inside the composites”™. This makes nanofiber membranes a good choice as a material for
embedded sensors in GFRP. Cheng et al. use electrospun PVDF as sensing material and make carbon fiber
as electrodes to get damage signal®’. However, it can only identify the occurrence of damage but not
quantify the damage. The sensing abilities of the nanofiber membranes in composites can be further
explored.

In summary, one of the critical challenges of sensors is that they cannot realize both stress monitoring and
interlaminar crack monitoring. Another is that the integrated sensors may degrade the mechanical
properties of composites. In this work, we designed a sandwich-structured PVDF nanofiber sensor for
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GFRP monitoring without sacrificing mechanical performances. It is capable of monitoring both stress and
interlaminar crack propagation. The piezoelectric voltage signal of sensors shows remarkable linearity with
applied force. For interlaminar cracks, we conducted in-situ monitoring by capturing capacitance signals.
Various mechanical tests are conducted to analyze the effect of the sensor on the tensile, bending, and
interlaminar shear and fracture toughness.

MATERIALS AND METHODS

Preparation of sensors

The PVDF fiber membrane is prepared by electrospinning. We mix the N,N-Dimethylformamide (DMF,
Sinopharm Chemical Reagent Corporation, Shanghai, China) and acetone at a solvent weight ratio of 3:2 to
prepare a solution. Then, the raw PVDF powder is dissolved in the solution at a powder/solvent weight ratio
of 1:9. The PVDF solution is used for electrospinning. The applied voltage is 20 kV, the propulsion speed
(flow rate) is 1.5 mL/h, the collection roller speed is 25 rpm, the spacing between the needle tip and collector
is 20.5 cm, and the amount of spinning solution is about 25 mL. The as-spun nanofibers are collected on the
aluminum foil and dried at 80 °C for 4 h. The Scanning Electron Microscope (SEM) image shows the
electrospun PVDF [Figure 1]. The fiber diameter is uniform and there is no agglomeration, adhesion or
other phenomena. PVDF nanofibers have smooth surfaces and the diameter of single fibers is found at a
similar size of ~500 nm, the same as our previous work"”.

Using piezoresponse force microscopy (PFM), the piezoelectric response of a single PVDF nanofiber is
characterized. Figure 2 shows the measured topography (a), amplitude (b), and phase (c) images of a single
PVDF nanofiber under an alternating current (AC) voltage of 1.5 V and 60 V direct current (DC) bias in a
10 x 10 pm* area. The microscopic amplitude and phase of single PVDF nanofibers shown in
Figure 2B and C manifested the presence of local ferroelectric domains with clear ferroelectric polarization.
The bright and dark contrast in Figure 2C further indicates the presence of different polarized neighboring
domains. The local piezoelectric responses of three randomly selected points 1, 2, and 3 in Figure 2A were
recorded and shown in Figure 2D-F. The phases of these three points flip with the direction of the electric
field, which is due to the existence of domains inside the PVDF nanofiber. The displacement-voltage curves
of all three points show the typical butterfly-shaped loop, indicating the strong piezoelectricity on single
PVDF nanofiber. This also shows that electrospun PVDF is suitable as a sensing material in GFRP.

The PVDF fiber membrane serves as the piezoelectric material and capacitor medium. Since the electrodes
are difficult to integrate onto the porous structure of PVDF membrane as in our previous work""”, suitable
electrodes are indispensable. The electrodes are utilized as piezoelectric signal collectors or capacitor parallel
plates in multiple sensing conditions, as shown in Figure 3A. The principle of sandwich-structured sensor
severs as piezoelectric and capacitive sensors is also explained. When the sandwich-structured PVDF sensor
is subjected to external force, the PVDF as piezoelectric material is stretched and generates electrical
charges. The porous media electrodes as piezoelectric signal collectors collect and output voltage signals.
When the crack destroys PVDF as dielectric material, the dielectric between porous media electrodes as
parallel plates decreases and the capacitance drops.

Porous materials are selected as electrodes to diminish the mechanical impact on GFRP, as they can be
infiltrated by resin. Thus, we preliminary choose two different electrode porous materials, Au-PVDF and
CNT film. Au-PVDF film is prepared by Au deposition onto the surface of the electrospun PVDF fiber
membrane by evaporation. PVDF is clamped on a special fixture of vacuum coating equipment (Chengdu
vacuum machinery factory). The vacuum degree and temperature are around 1.0 x 10° Pa and 80 °C. Cr/Au
was deposited as the first and second layers with 20 and 200 nm thicknesses, respectively. CNT film is
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Figure 2. PFM images and local piezoelectric response of the PVDF nanofibers. (A-C) Height, amplitude, and phase of the PFM
measurement of a single PVDF nanofiber; (D-F) local field-induced displacement curve corresponding to points 1, 2 and 3 in (A).

purchased from TIMESNANO. A copper electrode is commonly used for a flexible sensor; it is also tried in
our experiments for comparison.

GFRP fabrication

GFRP laminates were produced by vacuum-assisted resin infusion (VARI). The woven glass fabric EWR200
from Changzhou Zhongjie Composite Materials Co., Ltd was used with an area density of 200 g/m*. The
GFRP matrix is Huntsman Araldite LY 1564 resin and Aradur 22962 epoxy curing agent from Huntsman
Advanced Materials, with a mixed weight ratio of 4:1. The sample was cured at 78 °C for 8 h.

Sensors monitoring effect tests
Stress and strain monitoring
As shown in Figure 3B, piezoelectric signals were obtained by implanting the sensor into GFRP in a three-
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Figure 3. (A) Fabrication of sandwich-structured sensor, and the working principle of piezoelectric sensor and capacitive sensor; (B)
GFRP with sandwich-structured sensor embedded test through dynamic three-point bending test; (C) GFRP with sandwich-structured
PVDF embedded sensor in DCB test.

point bending test. The dynamic three-point bending test refers to ASTM D7264. The sample size is
100 mm x 15 mm x 3.5 mm, and the sensor size is 10 mm x 10 mm. The sensor is embedded between the
lowest and penultimate layers of fabrics, and it is mainly subjected to tensile stress during the test. The
voltage signal was acquired by data acquisition equipment (VK107H, Vkinging Co. Ltd., China). The charge
generated must be converted to a voltage output by a charge amplifier. The output voltage V,,, (mV) of the
sandwich sensor was imported into the LabView program and calculated using:

Vnut = QGuian (1)

where Q indicates the amount of charge generated by PVDF, G,,, denotes the magnification of charge
amplifier (G,,, =4), and K, represents the charge amplification sensitivity (K, = 1 pC/mV).

Interlaminar crack monitoring

As shown in Figure 3C, The sandwich-structured sensor forms a parallel plate capacitor. Based on the
double cantilever beam (DCB) test, the sensor is embedded in the test area of the interlaminar fracture test
sample. And the polytetrafluoroethylene membrane is used as a pre-crack. The mode I interlaminar fracture
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toughness test is preformed according to ASTM Ds5528 test standard, the sample size is
200 mm x 22 mm x 3.5 mm, the sensor size is 20 mm x 50 mm, and the pre-crack length is 60 mm. The
capacitance signal is collected by the data acquisition equipment (LCR-8000G, Good Will Instrument Co.,
Ltd, Taiwan). The output capacitance C,,, (pF) follows the capacitance formula for a parallel plate capacitor:

_ &Apu-pvDpr  Lo—a
Coup = HHAETVEE x 202 @)

where ¢, is dielectric constant of PVDF infiltrated by epoxy resin, A,, pypr is the area of Au-PVDF (mm?), d
is the thickness of PVDF (mm), L, is the length of sensor (mm), and « is the crack length (mm). While the
crack propagates (a increases), the dielectric in the middle layer of the parallel plate capacitor is damaged,
the relative area is reduced, and the capacitance C,,, will decline.

Mechanical performance tests

Through tensile tests, three-point bending and short beam shear (SBS), the effect of sandwich-structured
PVDF sensors on the mechanical properties of GFRP is explored. The tensile test of GFRP is carried out
according to ASTM D3093. The sample size is 250 mm x 25 mm x 2.5 mm. The sensor is embedded in the
middle of the sample, and its size is 20 mm x 20 mm. The tensile test instrument is a general testing system
(Shimadzu® AG-IC 100 kN), with a loading speed of 2 mm/min until the sample breaks. The tensile strength
o, (Mpa) can be calculated by:

Pmax

g, = 3)

bxh

where P is the maximum force before failure (N), and b and & are the width and thickness of the
specimen (mm).

The three-point bending test is conducted on the general test system (Zwick® Z020) according to the ASTM
D7264 test standard. The size of the sample is 100 mm x 15 mm x 3.5 mm. The sensor is embedded between
the lowest layer and the penultimate layer of fabric. The size of the implanted sensor is 15 mm x 15 mm.
The loading head speed is 1.5 mm/min, the span-to-thickness ratio is 16:1, and at least five samples are
tested in each group. The flexural strength o, (MPa) can be calculated by:

3PL
Gf - 2bh2 (4)

where P is the maximum load (N), L is the support span (mm), and b and / are the width and thickness of
the specimen (mm).

The SBS test is tested on a general test system (Zwick® Z020) according to the ASTM D2344 test standard.
The sample size is 21 mm x 7 mm x 3.5 mm. The sensor is embedded in the middle of the sample, and the
size of the embedded sensor is 10 mm x 7 mm. Loading head speed was 1 mm/min. The span-to-thickness
ratio is 4:1. The interlaminar shear strength (ILSS) 7, (MPa) can be calculated by:

P
Ts = 0.75 x bxh ®)]
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where P is the maximum load (N), and b and & are the width and thickness of the specimen (mm).

RESULTS AND DISCUSSION

Online monitoring tests

Choice of electrode material

GFRP specimens with copper, Au-PVDF and CNT film electrode sensors are tested under dynamic loading.
As shown in Figure 4A, the copper electrode sensor embedded CFRP produces the highest signal peak, but
the signal peaks are inconsistent. It is speculated that the modulus of the copper and the electrospun PVDF
do not match, which affects the deformation of PVDF and the voltage signal. The CNT film electrode
sensor one produces the lowest signal peak among the three sensors, and the signal peaks are inconsistent
either. It is speculated that the high modulus CNT may pierce the PVDF fiber membrane, resulting in
electrical conductivity between the two electrodes of the sensor.

The Au-PVDF electrode sensor embedded GFRP produces consistent signal peaks. The similar
microstructure of the Au-PVDF and PVDF membranes ensures stable contact between the electrode and
the middle sensing membrane during CFRP deformation; the close modulus of the nanofibers in Au-PVDF
and PVDF membranes prevents the Au-PVDF nanofibers piercing the middle layer. These two points
ensure that the sandwich-structured sensor can stably generate and collect piezoelectric signals. As a result,
the Au-PVDF electrode is chosen as the electrode for the sensor in the following experiments.

The polished cross section of the Au-PVDF electrode sensor embedded GFRP after signal test is shown in
Figure 4B. There is no delamination at the fabric layer/Au-PVDF interface (see red dotted lines in
Figure 4B) and Au-PVDE/PVDF interface (see white dotted lines in Figure 4B), proving that the Au-PVDF
electrode had good bonding with PVDEF. In Figure 4B, there are observable resin-coated PVDF nanofibers
in the PVDF layer. Upon examining the green dotted circle area in Figure 4B under higher magnification
[Figure 4C], it is observed that the resin well penetrates the porous structure of the membrane and coats the
PVDF nanofibers; thus, the Au-PVDF electrode sensor can in-situ monitor the stress/strain of GFRP.

Stress and strain monitoring

The stress and strain monitoring tests are conducted by dynamic three-point bending tests with a loading
frequency of 2 Hz. The sandwich-structured PVDF sensor is embedded in the GFRP. The sensor
experienced dynamic load during three-point bending tests. Testing was carried out for 100 cycles under
several stress values (31, 62, 93, 124, 156, 187, 218 MPa).

The relationship between piezoelectric voltage signal and tensile stress is shown in Figure 5A. There is a
linear relationship between the average maximum voltage signal V and the stress level & (see the insert in
Figure 5A). The linear relationship indicates the sandwich-structured PVDF sensor is appropriate to assess
the stress of the sample.

The sensing ability was also evaluated in long service conditions by three-point bending fatigue test. As
illustrated in Figure 5B, piezoelectric signals have been obtained over 50,000 cycles. The fatigue cycle can be
divided into two stages (I/II). In stage I, the variations of the flexural strain and voltage peak signals were
kept at 3.26% and 2.12%, which illustrated that the sensor has cyclic stability during service. The slight
increment of the strain and signal is due to the decrease in stiffness of the specimen. In stage II, the voltage
signals have several significant increments and slightly decreased, indicating the crack initiation and
propagation inside the laminate. The sensor signal disappeared at the same time as the sample failed, which
proved the durability of the sensor during service. Obviously, the voltage signals were more sensitive than
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Figure 5. (A) Dependence of output voltage signal on different stresses. The inset shows the linear relationship between the
piezoelectric signal and the stress on the sample; (B) Peak Voltage of the collected signals and flexural strain of the specimen during the
three-point bending fatigue test; (C) Simultaneously recorded load and capacitance in DCB test, and the capacitance derivative vs.time
curve; (D) The nearly linearly relationship between capacitance and the length of interlaminar crack in GFRP laminate.

the strain-cycle number curve, which increased gradually and then jumped suddenly at the end of stage II.
Thus, this sensor can better reflect the interior damage in fatigue conditions than normal sensors, such as
strain gauge sensors.

Interlaminar crack monitoring

The DCB test is used to investigate the initiation and propagation of interlaminar cracks in GFRP. To depict
the initiation and propagation of cracks, the curves of the load, capacitance, and capacitance derivatives
changing with time in the DCB test are presented in Figure 5C. As shown in Capacitance Derivative-Time
and Load-Time curves, the first capacitance derivative decrease corresponds to the first load decrease. This
indicates the sensor can pinpoint the crack initiation, thus accurately alerting the formation of the crack
between layers. At 245 s, the initial crack propagation ends, as seen from the abrupt point in the Load-Time
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curve and the curve's minimum point at 245 s in the Capacitance Derivative-Time curve.

According to the experimental criterion for mode I interlaminar fracture toughness, the point at which the
Load-Time curve suddenly changes corresponds to the crack propagation. These points have a direct
correspondence to the minimum value points of the Capacitance Derivative-Time curve. This phenomenon
is analyzed based on the parallel plate capacitor principle of the sensor. For example, at 410 s in Figure 5C,
the capacitance continues to decrease before the occurrence of crack propagation. The crack propagation
results in a sudden decrease in capacitance and a minimum value point in capacitance derivative. Once the
crack has completed its propagation, the capacitance stabilizes and tends towards 0 in terms of its derivative.
The sudden changes in capacitance derivative correspond clearly to crack propagation and demonstrate the
sensor's capability to monitor it, thereby aiding in the identification of composite failure. The relationship
between capacitance and crack length is established, as illustrated in Figure 5D. As the crack propagates,
capacitance shows a linear correlation with crack length.

As a summary, Table 1 lists some data from reported works related to the monitoring effect of composites
with various integrated sensors. The sensor in this work realizes the monitoring of not only stress and
failure of composite material components but also interlayer cracks of composites. Through horizontal
comparison with other SHM sensors for composites, this work has achieved functional innovation.

Evaluation of mechanical performance

Basic mechanical properties

Figure 6A reflects the tensile test results of the experiment. The tensile strength of GFRP embedded with
sensors decreased from 534.66 to 50 MPa (-5.16%), and the tensile modulus increased from 13.91 to
13.99 MPa (+0.61%). This indicates a slight decrease in tensile properties. Figure 6B demonstrates the
reduction of flexural strength and flexural modulus in GFRP embedded with sensors, with the flexural
strength declining from 499.43 to 486.62 MPa (-2.56%) and the flexural modulus declining from 20.44 to
19.15 GPa (-6.31%). The degradation of flexural properties is also relatively slight. The ILSSs are shown in
Figure 6C. The sensors resulted in a decrease in the ILSS of GFRP from 38.04 to 36.74 MPa (-3.42%). It can
be concluded that the sensors had little effect on the shear strength of GFRP. In summary, the composites
embedded with sandwich-structured PVDF sensors showed a slight decrease (< 7%) in the basic mechanical
properties. In our previous work"”, we summarized the mechanical effects of some embedded sensors
(included in Table 2). In recent work, Han et al. used PVDF and barium titanate to monitor CFRP damage.
When the content of PVDF and barium titanate increased, the flexural strength of CFRP decreased”". By
summarizing these works [Table 2], the sensor in this work achieves relatively slighter mechanical
performance degradation. The reason of this phenomenon requires further analysis through microscopic
results.

Mode I interlaminar fracture toughness

The interlaminar fracture toughness was simultaneously investigated during the DCB test. As shown in
Figure 6D and E, it was found that the interlaminar fracture toughness decreased. By implanting a single
PVDF film as the GFRP interlayer, the effect of sensors on the fracture toughness of GFRP was further
investigated. Mode I interlaminar fracture displacement-load curves are shown in Figure 6D. The
comparison in Figure 6E shows that the PVDF sensor causes the ¢ to decrease from 0.96 to 0.45 kJ/m?
(-53.13%), while the single PVDF film can improve the 6 by 19.79% (1.15 kJ/m?). For 6{7°, the PVDF sensor
decreases it from 0.96 to 0.53 kJ/m* (-44.79%), and the single PVDF film improves it to 1.23 kJ/m’
(+28.13%).
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Table 1. Comparison of sensors monitoring effect in this work and other works

Variation in monitoring
purpose

Material Sensors - Remark Reference
. Interlaminar
Stress Failure
crack
GFRP Sandwich electrospun PVDF \ \ \ Linear relationship between voltage and  This work
stress
Linear relationship between capacitance
and interlaminar crack length (Aa)
GFRP Pt-PVDF film N N \ \ [19]
CFRP CNT and graphenes buckypaper \ \ Relative resistance (AR/Ry) +12% [21]
CFRP Carbon nanostructure \ \ \ \ [22]
buckypaper
GFRP Carbon nanostructure \ v v \ [28]
buckypaper
CFRP ZnO NWs \/ \ \ Linear relationship between voltage and  [38]
stress
CFRP Graphene/epoxy interleave \ \ N AR/R,-Aa model developed [23]
GFRP Carbon nanofiber \ \ J AR/R,-Aa model developed [39]
GFRP CNT/polyvinyl alcohol film v v \ \ [40]
GFRP Graphene nanoplates \ \ \ Gauge factor = 26 [20]
(GNP)/epoxy pre-cured hybrid
GFRP PES/carbon black Film \ \ \ Sensitivity coefficient = 4.55 [26]
GFRP CNT/epoxy mixture \ \ \ Strain resolution = 0.01% [41]
CFRP CNT fabric coating \ \ J \ [241
CFRP CNT/GNP carbon fiber prepreg ~ \ \ v AR/Ry +14% [25]
coating
3D textile PVDF yarn \ \ \ \ [42]
composites
GFRP MWCNT fabric coating \ N \ \ [43]
GFRP MWCNT fabric coating \ \ v AR/R,-Aa model developed [27]

SEM and Optical Microscope (OM) were used to analyze the fracture surface of the samples after model I
tests. The control GFRP laminates [Figure 7A] display characteristic brittle fracture of epoxy (see white
arrow) between adjacent fiber tows. The crack spreads preferentially along the fabric carbon fiber/epoxy
matrix interface.

For GFRP embedded with a single PVDF film, part of the fibrous membrane remained on the fracture
surface of the GFRP can be seen in Figure 7B. The green arrows in Figure 7C indicate there are traces of
fibers pulled out from the remaining part of the nanofiber membrane. This suggests that the fibrous
membrane was well infiltrated by the resin. The presence of the fibrous membrane altered the failure mode
from adhesive to a mixed adhesive/cohesive mode within the interleave. This alteration increased the
interlaminar toughness.

The fracture surface [Figure 7D and E] and cross section [Figure 7F] of the sandwich-structured PVDF
sensor embedded GFRP were observed using SEM and OM, respectively. The crack growth within the
middle layer PVDF can be seen (see red dotted lines in Figure 7F). The yellow arrows in Figure 7E and F
show broken PVDF nanofibers. However, there are several non-infiltrated holes (see blue boxes in
Figure 7E without resin bonding in the middle PVDF layer. While the crack propagates along the non-
infiltrated holes, resulting in a decrease in the interlaminar toughness. The non-infiltrated holes may also
lead to the slight decrease of mechanical properties. Due to the thickness of the sensor, the resin may not be
able to completely infiltrate the entire sensor. Optimization of sensor infiltration can be enhanced through
methods such as electrospinning microstructure design and drilling.
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Table 2. Comparison of composite mechanical performance variation after sensor embedded in previous works'™

Variation in mechanical properties

Material Sensors Flexural strength & ILss  Tensilestrength & Reference
modulus modulus
GFRP Pt-PVDF +0.84% -0.73% -0.34% [19]
-112% -1.02%
GFRP Copper-PVDF -4.74% -815% -0.58% [191
-1.32% -1.79%
GFRP PVDF -0.56% \ -5.67% [44]
-4.51% -6.91%
CFRP PVDF \ -7.41%  +2.12% [45]
-2.11%
GFRP Piezoelectric sensor -8.00% \ \ [46]
0%
CFRP Lead zirconate titanate (PZT) \ \ \ [47]
-20.98%
GFRP PZT \ -14.93% -5.53% [48]
\
GFRP Piezoelectric fiber composite sensors \ 771%  -239% [48]
(PFCS) \
Composite sandwich PFCS -3.53% -5.49% -7.67% [171]
structure \
GFRP CNT film +4.72% -0.88% -1.89% [49]
+6.69% +4.74%
GFRP Graphene fabric Coating -37.00% \ -26.29% [50]
-39.65% -8.48%
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Figure 6. Comparison of GFRP with and without embedded PVDF sensor: (A) tensile strength and modulus; (B) flexural strength and
modulus; (C) ILSS; GFRP control, GFRP embedded with single PVDF film and GFRP embedded with PVDF sensor (D) model |
interlaminar fracture displacement-load curves; (E) ¢/ and G/;™°.

CONCLUSIONS

In this study, by utilizing the piezoelectric and dielectric characteristics of electrospun PVDF membranes, a
sandwich-structured PVDF sensor is designed to realize the stress and interlaminar crack monitoring in
GFRP structure. This sensor also meets the needs of embedded sensors without sacrificing mechanical
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Figure 7. (A) SEM images of GFRP fracture surface; (B) SEM images of GFRP embedded single PVDF film fracture surface; (C)
Infiltration state of GFRP embedded single PVDF film fracture surface; (D) SEM images of GFRP embedded sandwiched-structure PVDF
sensor fracture surface; (E) Infiltration state of GFRP embedded sandwiched-structure PVDF sensor fracture surface; (F) OM images of
GFRP embedded sandwiched-structure PVDF sensor cross section. Crack propagation direction was from left to right.

properties. By comparing with CNT films and copper electrodes, the Au-PVDF, which has a similar
modulus to PVDF and does not cause conduction in the sensor, is employed as the sensor electrode.

In terms of sensing, the sensor's capacity to monitor the GFRP stress condition and fatigue failure was
verified through dynamic three-point bending experiments. The Model I interlaminar fracture toughness
test demonstrated the sensor's capacity to detect interlaminar cracks in GFRP by collecting capacitance data.
Through a horizontal comparison with SHM for composites in other works, the innovation that the sensor
in this work realizes the stress, failure and interlaminar crack monitoring of composite material components
is illustrated.

In terms of mechanical performance, the sandwiched-structure PVDF sensor resulted in a slight decrease in
basic mechanical properties (< -7%) but reduction in 6{7° (-44.79%), while single PVDF film leads to an
increase (+28.13%). SEM and OM images reveal that the non-infiltrated area in the PVDF membrane
ultimately led to a decrease in interlaminar toughness. Optimization of sensor infiltration can be enhanced
through electrospinning microstructure design and drilling.
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