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ABSTRACT

In today’s world, continuous fiber reinforced composite materials are extensively used in the
aerospace, automotive and other structural industries. Since the applications of such fibers demand
for a high safety rating, it is of utmost importance for engineers who design such materials to
analyze its safety. When cracks are developed in such materials, the mechanical, electrical, and
thermal properties also get altered as a function of the cracks. Previous studies have shown that
changes in electrical properties can be directly correlated with the development of cracks in the
material which can then be used to predict the remaining life of such materials. In this study we
propose to introduce an additional layer of Electrospun Polyvinylidene Fluoride (PVDF) nanofiber
in the CFRP matrix. PVDF is a piezoelectric material, meaning it will generate electricity on
encountering vibrations. Therefore, when PVDF nanofibers are introduced in the matrix, the stress
on the matrix will be translated onto the nanofibers which in turn will output electrical signals. In
this study, 3 types of glass fiber composites (embedded with PVDF, embedded with PVDF with
Multiwalled Carbon nanotube, and no additional material) are subjected to quasi static tensile tests
while the impedance across the material is continuously measured. The change in impedance was
then related to the stress the material was subjected to and predict the remaining life of the material.
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1. INTRODUCTION

Structural health monitoring systems for composite materials are receiving growing interest in the
industry as the use of these high-performance material is increasing in various fields. The
aerospace industry has shown interest towards the study as they require high safety factors,
minimum downtimes, and reduced structural inspection costs [1]. Structural health monitoring
systems must meet certain requirements: they must not cause damage to the composite material,
must be in inaccessible areas, and must transmit useful data to investigate state of damage [1,2].
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Some of the techniques that have been studied include thermography, acoustic emission, and fiber
optics. [1, 2]. Measuring electrical resistance has also proven to detect very low damage levels in
terms of fiber breaks. However, these techniques have posed challenges like incompatibility with
composite materials or high-level sophisticated equipment needing to be installed in the system to
continuously monitor the structure [2].

An alternative method of monitoring structural health is to embed the structures with nanomaterials
that can sense crack propagation. Carbon nanotubes (CNT) is an example of such nanoparticles
that can change the electrical properties of composite materials [3]. Addition of nanoparticles
could induce a positive effect on correlating the change in the resistivity to damage. Composite
materials have complex morphology and are inherently dielectric. When they deform, it results in
a change in electrical properties that are not significant, which makes it difficult to correlate
damage to just small changes in the electrical properties. However, this limitation can be overcome
by addition of nanoparticles which enhance the electrical properties and aid the understanding of
damage progression in the material.

Introducing nanoparticles into the fiber matrix could pose a challenge. This is where
electrospinning technology could play a crucial role in embedding nanoparticles into the fiber
matrix. Electrospinning can produce continuous mesh fibers that have diameters in the scale of
nanometers. These fibers are referred to as nanofibers and the whole mesh is referred to as a
nanomat. The result of continuously producing the fibers reduces the chance of crack propagation,
which lead to extraterritorial strength properties because of minimal defects [4]. Another beneficial
property is the volume to surface area ratio, this is useful in energy storage. Other properties that
nanofibers generally experience include being lightweight, flexible, and highly porous [5]. There
are several industries that could benefit from nanomats, such as the medical field or even the
military; some of the applications are filtration (facemask), sensor production, protective clothing,
tissue engineering, wound dressing, and energy storage [6]. Nanomats are very versatile and like
many composite materials, the overall properties can be tailored by modifying fiber orientation.
Continuous fibers are classified into three types: solid, core shell, and hollow shell. Solid fibers
are made of one material while core shell has a different material on the inside, which allows for
further variation of the properties. On the other hand, hollow shell fibers have a cavity running
through the fiber which increases surface area and add additional functions [7].

During electrospinning (Figure 1), the high voltage applied to the pumping fluid causes the fluid
to become positively charged. Hence, it is attracted towards the grounded collector due to the
electrostatic force of attraction between the two. When the electrostatic force of attraction
overcomes the surface tension of the fluid, the fluid shoots towards the collector in a whipping
motion. The fluid usually consists of a polymer and a volatile solvent; upon contact with the
collector, the solvent dries leaving behind the polymer.
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Figure 1: Schematic setup of electrospinning process depicting the polymer collection process triggered by high voltage
difference between the syringe and the collector [8]

Polyvinylidene Fluoride (PVDF) is a polymeric material that can be electrospun. It is an important
polymeric material that has five crystalline polymorphs: a, B, vy, 0, and €. The  phase shows
excellent piezo, pyro, and ferroelectric properties that can be used in energy storage, spin valve
devices, biomedicine, sensors, and smart scaffolds [9]. Electrospinning techniques can be used
directly to produce  phase in PVDF by controlling parameters such as temperature, solvent,
feeding rate, and distance between tip and collector [10,11]. The technique is very efficient and
can be easily scaled. Addition of CNT into the nanofiber has also shown an improvement of 3
phase in PVDF nanofiber and improved the electrical properties of these fibers. [12]

In this study, all the key elements discussed in the literature have been brought together to make a
single case of structural health monitoring of glass fiber composites. Glass fiber composites have
been co-cured with electrospun PVDF nanofiber with multiwalled carbon nanotube (MWCNT)
and it is subjected to tensile load until failure. Meanwhile, the impedance across the thickness of
the laminate is measured by impedance spectroscopy.

2. EXPERIMENTATION

2.1 Material

The nanofiber mats were made from Polyvinylidene fluoride (PVDF) powder (<=100% w/w)
purchased from Alfa Aesar, Multiwalled carbon nanotubes (MWCNT) purchased from Sigma
Aldrich, and Dimethylformamide (DMF) (>=99% v/v) purchased from Sigma Aldrich. The glass
fiber laminate was made from Unidirectional E-Glass fiber with 250 F Epoxy Resin. The tab
materials were made using CYCOM 2265-7781 Glass fiber.



2.2 Solution Preparation

For PVDF solution, 20 mL of DMF was mixed with 2g of PVDF in a conical flask. Then the
solution was heated at 80 °C while being stirred at 350 rpm for 8 hours. For PVDF with MWCNT
solution, 40 mL of DMF was mixed with 0.188g of MWCNT in a conical flask. The solution was
then sonified for 5 minutes. After sonification, 3.9 g of PVDF was added to the solution and the
solution was heated at 80 °C while being stirred at 350 rpm for 8 hours.

2.3 Electrospinning

2 types of nanomats were produced from the solutions: PVDF and PVDF with Multiwalled Carbon
nanotube. For both the solutions the electrospinning process was identical. A 5 mL BD syringe
was first filled with the solution. A syringe pump was used to pump the fluid at 1.25 mL/hour. A
total volume of 2.5 mL of the solution was dispensed from the syringe. The voltage applied at the
tip of the needle of the syringe was set to 20 kV. Aluminum foil was placed over the rotating
mandrel to act as the collector. The rotating collector was set to revolve at 3180 rpm. The distance
between the tip of the needle and the collector was kept at 0.178 m. Figure 2 shows the
electrospinning setup.

Figure 2: Electrospinning Setup Figure 3: Nanomat Collected on Rotating Mandrel

Figure 4: Nanofiber mat on Aluminum foil



2.4 Lay-up and Molding

The glass fiber was created by cutting 4 plies of Unidirectional E-Glass fiber all set at 0°. The
laminae were cut 0.305mx0.305m. The nanofibers were sandwiched between the 4 plies. Figure 5
shows the stacking sequence of the matrix. The dimension of the nanofiber mat was
0.013mx*0.064m. The curing cycle for the sample has been shown in Figure 7.

0 ° direction

Nanofiber mat

Figure 5: Stacking Sequence of the laminate with nanofiber mat in the mid-plane of the laminate
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Figure 6: Nanofiber Between Glass Fiber Plies Pre-Curing Figure 7: Curing Cycle of the glass fiber prepreg

The aluminum foil that can be seen in Figure 6 was peeled off, leaving behind the nanofibers. The
remaining 2 plies were then placed on top. After the lay-up, the laminate was cured using
compression molding technique recommended by the manufacturer [13].



After molding, samples were cut into coupons of 0.254mx0.013m as shown in Figure 8. The
ends of the coupons were attached to tabs using 0.051mx0.013m tabs made from 8 plies of
woven glass fiber. The tab material was manufactured using compression molding technique
recommended by the manufacturer [14].
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Figure 8: Coupon Sample

2.5 Quasi Static Tensile Test with Impedance Measurement

A total of twelve samples were tested for this experiment, four samples of each kind: virgin
samples (without any sensor), PVDF samples, and PVDF with MWCNT samples. The samples
were tested using MTS Landmark Servo Hydraulic Test Systems. Quasi Static Tensile Tests were
performed on the samples under displacement-controlled configuration. The rate of displacement
was set at 0.011 inches/minute. The impedance of the samples was measured using GAMRY
Interface 1000A. A Potentiostat test was carried out with the frequency set at 100 Hz and the DC
voltage set at 1V rms. The impedance was measured by placing an electrode across the thickness
of the sample while the quasi static tensile test was ongoing. Figure 9 shows the in-situ tensile
testing setup.



Figure 9: Sample with Electrode

3. RESULTS

The following subsections show the results obtained for each type of sample. The data close to
failure was truncated because of the instability in the material behavior.

Virgin Samples

Load-Dispalcement curve for Virgin specimens
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Figure 10: Load displacement curves for virgin samples



Variation of |Z| with displacement for Virgin specimens
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Figure 11: normalized modulus of impedance vs displacement for virgin specimens

Mechanical and Impedance response for Virgin Sample
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Figure 12: Mechanical and impedance response for a virgin sample

The impedance for each sample is normalized w.r.t. to impedance before initiation of test (t=0)
such that the impedance for each specimen starts at 1. Figure 10 shows the load displacement
curves for the virgin samples. The average breaking load for this set of specimens was 10.33 kN
with a standard deviation of 0.383 kN.

Figure 12 depicts the mechanical and impedance response for one specimen in the set. It can be
observed that impedance increases initially, followed by a decrease and sudden jumps close to
failure when the fiber splitting starts. This trend is contrary to what was observed in multi
directional laminates in [14] where in the impedance initially decreased followed by an increase
when delamination initiated. This could be because of the longitudinal matrix cracks that develop
in the laminate that lead to debonding (matrix fiber interface) which hinders the charge flow and
hence leads to increase in impedance. When the splitting starts, a fracture path is created or a path
of least resistance that leads to decrease in impedance as observed in Figure 12. However, detailed



microscopic study needs to be performed to better understand the damage development and
correlate with variation in impedance.

Figure 11 shows the impedance response for the set of virgin specimens where in it can be observed
that all the specimens except sample 3 have a same trend in the impedance change.

Samples with PVDF nanofiber mat

Load-Dispalcement curve for PVDF specimens
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Figure 13: Load displacement curves for PVDF samples

Variation of |Z]| with displacement for PVDF specimens
1.02

5100 L,W f‘w (¥
%‘ 1 MM“ H‘ NWNW
WMWWWWMWWWW

0 1 2 3 4 5 6 7
Displacement, mm

—Samplel —Sample2 —Sample 3 Sample 4

Figure 14: normalized modulus of impedance vs displacement for PVDF specimens



Mechanical and Impedance response for PVDF Sample
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Figure 15: Mechanical and impedance response for a PVDF sample

Figure 13 shows the load displacement curves for the PVDF samples. The average breaking load
for this set of specimens was 11.23 kN with a standard deviation of 1.706 kN.

Figure 15 depicts the mechanical and impedance response for one specimen in the set. It can be
observed that impedance increases initially, followed by a decrease and sudden jumps close to
failure when the fiber splitting starts. Figure 14 shows the impedance response for the PVDF
sample set. In this case, it can be observed that the trend is random, i.e. two specimens have the
trend in Figure 15, and the remaining two specimens have a contrary trend i.e. an initial decrease
followed by an increase. We believe this trend represents the behavior as delamination comes into
play (unlike virgin specimens) because of the presence of the nano fiber mat and hence leads to
increase in impedance in the end stages as observed in [14]. However, further evidence is required
to substantiate these findings and more number of specimens are to be tested to determine the trend
followed by the material system.

Samples with PVDF embedded with MWCNT nanofiber mat

Load-Dispalcement curve for PVDF-MWCNT specimens
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Figure 16: Load displacement curves for PVDF-MWCNT samples



Variation of |Z| with displacement for PVDF-MWCNT specimens
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Figure 17: normalized modulus of impedance vs displacement for PVDF-MWCNT specimens
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Figure 18: Mechanical and impedance response for a PVDF-MWCNT sample

Figure 16 shows the load displacement curves for the PVDF samples. The average breaking load
for this set of specimens was 10.35 kN with a standard deviation of 0.374 kN.

Figure 18 depicts the mechanical and impedance response for one specimen in the set. It can be
observed that impedance increases initially, followed by a decrease and sudden jumps close to
failure when the fiber splitting starts. Figure 17 shows the impedance response for the PVDF-
MWCNT sample set. In this case as well similar to virgin specimens, three specimens have the
same trend whereas sample 4 has a continuously increasing trend. However, further studies need
to be performed to study the damage development to understand the impedance change.

Figure 19 shows how the individual strands separate once the material starts failing. After the first
strand broke, the load applied by the machine and the magnitude of impedance met with a drastic
drop for all the samples. When failure started, each individual strand started breaking separately
which shows as a load drop and a subsequent increase in impedance.



Figure 19: Stages of Failure for Specimen

Figure 20 shows the Breaking Load of the 3 types of samples. It can be observed that with the
addition of a nanofiber mat into the fiber matrix, the ultimate tensile stress of the specimen
increased. The virgin sample had the lowest breaking load of 10.33 kN with a standard deviation
of 0.383 kN, while the samples with PVDF nanomat had the highest breaking load of 11.23 kN
with a standard deviation of 1.706 kN. From Figure 20, it can be observed that, the inclusion of
PVDF with MWCNT didn’t alter the breaking load. Further studies need to be performed to better
understand the material behavior and to substantiate these findings and will be reported in
subsequent publications.
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Figure 20: Average breaking load for different specimens



4. CONCLUSIONS

From the experiments conducted during this study, variation of impedance with damage
development has been reported. It can be observed that for virgin specimens, an initial increase in
impedance followed by a decrease when first strand splitting occurred and an increase when
laminate failure started to occur. These observations were contrary to observed variation in
literature and hence need to perform detailed microscopic evaluation to understand damage
development.

In case of specimens with PVDF, the breaking load increased significantly but the trend in the
impedance variation was random and hence inconclusive of how impedance varies with damage
development and need to test more samples to better understand material behavior. For specimens
with PVDF-MWCNT, the breaking load was similar to virgin specimens and so was the impedance
change. To better understand these observations, further study need to be performed and will be
reported in subsequent publications.
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