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Structural health monitoring of fiber reinforced composites is an extensive field of research that aims to reduce
maintenance costs through in-situ damage detection. However, the need for externally bonded sensor systems
and complicated fabrication processes limit the widespread application of most current structural health
monitoring techniques. This work introduces a novel multifunctional fiber reinforced composite that relies on a
ferroelectric prepreg fabricated using dehydrofluorinated (DHF) polyvinylidene fluoride (PVDF), which exhibits
a thermally stable piezoelectric response. The self-sensing material presented in this work requires minimal
external components, as the piezoelectric sensing mechanism is fully contained within the composite. This is
accomplished by fabricating a ferroelectric prepreg consisting of DHF PVDF infused woven fiberglass, which is
sandwiched between woven carbon fabric layers that act as electrodes, thus forming a piezoelectric sensor
fabricated with entirely structural composite materials. Notably, the sensing material is a fully distributed
prepreg rather than discretely embedded sensors which enables simplified monitoring of complex structures. As
the composite experiences damage under flexural and tensile loading, the internal change in strain results in a
charge separation that is detectable as a voltage emission across the sample electrodes. The self-sensing capa-
bilities of this material are explored using traditional mechanical testing techniques, showing comparable per-
formance to common damage detection methods, all while eliminating the need for external bonding of sensors
to the structure.

health monitoring (SHM) of composite materials using multiple in-situ
monitoring methods such as acoustic emission testing (AET) [1-4],

1. Introduction

Fiber reinforced polymer matrix composites play a crucial role in
several industrial applications due to their high strength to weight ratio
and the capability to tailor directional properties, allowing for greater
flexibility during design. As a result, composites are exposed to complex
loading scenarios in aircraft, automobiles, and boats, which all take
advantage of the low density of the composite material to achieve a
higher performance at reduced cost. To maintain high performance and
structural safety, these materials are periodically inspected to search for
the existence of damage such as matrix cracking, fiber failure, debond-
ing between fiber and matrix, or delamination between plies. Due to the
critical nature of structural materials, damage requires early diagnosis
and analysis in order to avoid propagation, which can lead to cata-
strophic failure. As an alternative to periodic removal of the structures
from service, extensive interest has been placed towards structural

resistance-based monitoring [5-9], and fiber optic sensors [10-13].
Specifically, in-situ monitoring of composite materials has the potential
to provide continuous assessment of the damage state of the material,
thus increasing the safety of the structure and reducing the cost of
maintenance by eliminating the need to remove the structure from
service.

Among the various in-situ monitoring techniques, resistance-based
damage sensing uses the inherent composite properties to detect dam-
age as it occurs [5-7]. This methodology relies on conductive pathways
formed either by conductive fiber reinforcement, typically in the form of
carbon fibers [5,6,14-17], or added conductive fillers, such as graphene
oxide [18,19] or carbon nanotubes (CNTs) [9,20-23]. As damage occurs
within the composite, separation occurs within some of the conductive
(carbon-carbon) contacts, thus resulting in a corresponding increase in
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electrical impedance. CNTs have gained traction in this particular
application due to their multifunctional properties which contribute to
strengthening of the composite while also introducing piezoresistivity to
electrically insulating composites utilizing reinforcements such as glass
or aramid fibers [20,24,25]. However, it is well-known that CNTs are
difficult to evenly disperse in common matrix materials due to their
tendency to agglomerate as a result of van der Waals forces, which
complicates their ability to achieve the required distribution for the
large-scale application of embedded composite strain monitoring [26,
27]. Additionally, resistance-based monitoring techniques require a
constant power input to continually monitor the state of the structure,
thus inherently necessitating power to assess large structures or small
structures over long periods of time.

Alternatively, fiber optic sensors have been widely studied since they
can be embedded directly into the fiber reinforced composite material
during fabrication, and can sense strain as well as damage [10,11,
28-31]. These fiber sensors are able to use changes in optical properties,
such as intensity, wavelength, phase, etc., in response to mechanical
strain. These changes can then be correlated to a damage or changing
structural state [10]. In addition, fiber Bragg grating (FBG) sensors can
also be used for ultrasonic acoustic emission testing (AET) [32-34],
however, due to the discrete nature of the fiber sensors, the embedded
fibers require specific orientation and placement relative to the damage
location for accurate sensing [35,36]. Traditionally, rather than using
FBG sensors, AET typically relies on piezoelectric materials that are
either externally bonded to or embedded within the composite structure
of interest [1,2,37-40]. As damage occurs within the material, a corre-
sponding release of energy results in a propagating wave that can be
sensed by the piezoelectric sensors close to the damage source as they
can convert the mechanical energy to a measurable electrical signal via
the direct piezoelectric effect. Due to its flexibility and conformability
when attached to the surface of materials and its less invasive presence
when embedded within materials, PVDF in the form of film sensors has
received considerable interest for AET sensing [41-44]. However, cur-
rent PVDF sensors used for AET require discrete embedding within the
composite or external attachment, thus isolating the damage sensing to a
limited area or requiring large networks of sensors for monitoring of
larger structures. Thus, an alternative to discrete and external PVDF
sensors is required for the efficient damage monitoring of
industrial-scale structures.

PVDF is an appealing piezoelectric material as it possesses the flex-
ibility of a polymer in addition to strong piezoelectric coupling, and, as
such, is easily conformable for various sensing and actuating applica-
tions [45-49]. PVDF crystallizes in three different phases, the amor-
phous o-phase, the partial polarity y-phase, and the polar fB-phase
[50-52]. For piezoelectric applications, the -phase is the most desirable
phase as it results in the highest piezoelectric, ferroelectric, and pyro-
electric properties [51-53]. For this reason, increasing the fraction of
B-phase in PVDF has been a topic of interest over many years. Among the
methods investigated, uniaxial drawing is the most commonly used to
mechanically align the polymer chains in a parallel orientation and form
planar conformation, or p-phase [54-56]. However, since drawn PVDF
relies on the physical shape of the polymer, thermal relaxation occurs at
elevated temperatures above the Curie temperature of the PVDF,
resulting in a return to the energy-preferential amorphous a-phase, thus
reducing or eliminating the piezoelectric response [57,58]. In contrast
to mechanically drawn PVDF, dehydrofluorinated (DHF) PVDF produces
the energy-preferential formation of a thermally stable electroactive f-
and y-phases [59]. The dehydrofluorination process is referred to as the
chemical reaction, which takes place when PVDF is exposed to a basic
environment, resulting in a loss of the hydrogen fluoride (HF) molecule,
and leading to carbon-carbon double bonds in the backbone of the
PVDF. The extent of dehydrofluorination can thus be controlled by
adjusting the basicity of the environment and the exposure duration to
achieve preferential levels of p- y-and phases. Since the induced elec-
troactive phases are the product of a chemical adjustment to traditional
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PVDF, it exhibits thermal stability up to ~200 °C which is notably su-
perior to drawn PVDF [59].

This work combines the benefits of resistance-based monitoring and
the piezoelectric sensing methodology of AET using thermally stable
DHF PVDF to self-sense composite damage in-situ. The multifunctional
material described here uses ferroelectric DHF PVDF that is distributed
throughout the structural composite by fabricating a fiberglass prepreg
using DHF PVDF. The ferroelectric prepreg is then sandwiched between
woven carbon fiber plies which act as electrodes, producing a hybrid
composite of similar base components to that of a conventional piezo-
electric sensor. The sensing material thus requires no discrete placement
or distributed sensor system to detect damage in large structures in
contrast to previously investigated embedded PVDF films. Once the
composite specimen is subjected to damage, the piezoelectric DHF PVDF
undergoes a rapid change in strain resulting in a charge separation that
is measured as a sudden voltage emission across the sample. This
methodology has been previously described by Groo et al. who utilized
piezoelectric zinc oxide (ZnO) nanowires as an integrated sensing ma-
terial within a hybrid composite formed using ZnO coated aramid fabric
sandwiched in between carbon fiber electrodes [60]. Based upon a
similar damage detection methodology, this work uses a new method to
fabricate a ferroelectric prepreg for use in self-sensing composites, and
the sensing capabilities of the resultant hybrid composite are assessed
through both three-point bend and tensile tests.

2. Experimental section
2.1. DHF PVDF preparation

The DHF PVDF in this work was fabricated using concepts first
explored by Lin et al. [59]. When subjected to basic or high temperature
environments, PVDF loses hydrogen fluoride (HF) in a process referred
to as dehydrofluorination. In this case, 1,8-diazabicyclo (5.4.0)unde-
c-7-ene (DBU) (98+%, Acros Organics™) was selected as the preferred
base due to the relatively moderate rate and controllability of the re-
action. Specifically, 0.1 wt% DBU was added to 7 wt% PVDF (Kynar
301F) powder dissolved into N,N-dimethylformamide (DMF) (Certified
ACS, Fisher Chemical) and thoroughly mixed. The mixture was then left
for 1 h, while the dehydrofluorination reaction progressed. The resulting
PVDF mixture was then slowly poured over deionized (DI) water mixed
with 1 vol% hydrochloric acid (HCI) (Certified ACS Plus, Fisher Chem-
ical) to terminate the reaction. The precipitated DHF PVDF, which forms
as a consequence of the hydrophobicity of PVDF, was simultaneously
collected from the fluid surface during the pouring process. The
collected DHF PVDF film was then rinsed with additional DI water and
HCIl, after which it was sonicated in DI water and HCI for 10 min.
Following the sonication, the film was thoroughly rinsed with pure DI
water and sonicated again in DI water for 10 min. The rinsing and
washing process was then repeated three times with ethanol to ensure no
DMF or DBU remained trapped in the collected DHF PVDF product.
Following the completion of the full cleaning process, the DHF PVDF
was thoroughly dried in a convection oven at 55 °C for several hours.

Once the DHF process was completed, 10-15 wt% dried DHF PVDF
product was thoroughly dissolved in DMF using shear mixing (Flackteck
speedmixer DAC 150.1 FVZ). The DHF PVDF solution was then poured
over two stacked layers of S-glass, plain-weave fabric (US Composites
Style 6533) and subsequently dried at 80 °C under vacuum for 5-10 h to
form a prepreg. Once the DMF was fully evaporated, an additional thin
layer of the DHF PVDF solution was added to the prepreg and fully dried
under vacuum. This process was repeated several times until the com-
bined DHF PVDF polymer layers reached the same thickness as the
woven fiberglass. Following the evaporation of the DMF in the final
layer of the matrix, the fiberglass/DHF PVDF prepreg was pressed for 1 h
in a hot press at 177 °C (350 °F) and ~100 psi, which is the melting
temperature of PVDF, in order to fully and evenly infuse the PVDF
matrix through the woven fabric and remove any air pockets. Following
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pressing of the PVDF into the plain-weave fiberglass fabric, the prepreg
was annealed at 180 °C for 20 min in an oven to encourage crystal
growth for the formation of the electroactive - and y-phases, after
which the prepreg was allowed to cool slowly at a rate of ~0.5 °C/min.

2.2. Composite fabrication

The resulting prepreg was then combined with three total plies of
plain-weave carbon fiber (Hexcel® Style 282, received from Pacific
Coast Composites) and infused with epoxy resin consisting of Epon 862
resin and curing agent Epikure 3230 (both received from Hexion) at a
ratio of 100:35. For reference, the resultant epoxy matrix has a Young’s
modulus of 2.54 £+ 0.06 GPa and a tensile strength of 70.3 + 1.1 MPa,
and has been used in previous works investigating multifunctional fiber-
reinforced composites [60-62]. A hand layup process was used in order
to ensure even epoxy distribution on both sides of the DHF PVDF pre-
preg, after which the composite layup was cured at 80 °C (167 °F) under
vacuum at 100 psi for 6 h. The final stacking sequence for both the
three-point bend and tensile testing samples was two layers of carbon
fiber, fiberglass and DHF PVDF prepreg, and one layer of carbon fiber.
The described configuration allows for the sandwiching of the piezo-
electric prepreg between conductive plies of carbon fiber, which act as
electrodes in addition to their structural functionality. Additionally, the
asymmetric layup results in increased strain in the functional layer due
to its location relative to the midline of the composite, thus increasing
the piezoelectric response during bending [62]. Following the fabrica-
tion of the layups, the test specimens were cut to the dimensions rec-
ommended by their respective ASTM standards. The cut flexure and
tensile specimens were then polished to remove some carbon fiber at the
edges of the sample and eliminate conductive pathways between the top
and bottom carbon fiber plies, thus avoiding any conductivity through
the thickness. As is recommended in ASTM standard D3039, fiberglass
tabs were added to the ends of the tensile specimens using high shear
strength epoxy (Loctite® 9430™ Hysol®). Additionally, a small section
of the outer matrix layer was removed from the samples, and wire leads
(33-gauge copper wire) were attached close to the end of the test
specimens using a combination of silver paint and quick-cure epoxy,
enabling voltage measurements across the thickness of the sample
without mechanically interfering with the testing. Finally, the samples
containing DHF PVDF were directly poled in silicon oil at 1.2 MV/m and
150 °C for 1 h. It can be noted that the electric field used was lower than
typically applied for piezoelectric polymers. This is due to the increased
risk of shorting due to the fibrous nature of the carbon fiber layers used
as electrodes, which can cause bridging of the electrodes. However, the
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samples exhibited sufficient piezoelectric response at this lower voltage
as will be discussed in later sections. A schematic of the fabrication
progress is depicted in Fig. 1. It can also be noted that the replacement of
a portion of the composite matrix with DHF PVDF resulted in main-
tained mechanical properties within the interlaminar region when the
prepreg was strategically placed at an offset location as confirmed
through short beam shear (SBS) testing (Fig. S1).

2.3. Three-point bend testing

To investigate the in-situ flexural damage detection properties of the
samples with DHF PVDF, three-point bend testing following ASTM
standard D7264 was completed using an Instron Model 5982 load frame
with a 100 kN load cell. The 1.05 mm thick samples were cut to a width
of approximately 13 mm and a length of approximately 100 mm as is
recommended by the standard. It can be noted that the thickness and
width were measured at the maximum points since the samples did not
have a uniform cross-section due to the polishing of the edges. The
length of the test specimens is slightly longer than that suggested in the
ASTM standard for the purpose of allowing extra surface area for the
attachment of the wire leads outside of the testing span. In this config-
uration, the voltage across the thickness of the sample can be measured
throughout the duration of the test without interfering with the me-
chanical testing. The test specimens were tested at a span to thickness
ratio of 32:1 to ensure significant damage would occur within a
reasonable time frame and sample extension. It should also be noted that
non-conductive Kapton® tape was placed at the contact points of the test
setup to eliminate any electrical interference between the test frame and
the test specimen. The voltage across the sample was measured for the
duration of each test across the outer plies of carbon fiber using a Na-
tional Instruments (NI) 4431 data acquisition system (DAQ). Addition-
ally, a high frequency microphone (PCB 426A05) in combination with a
PCB 482A16 signal conditioner was used to detect acoustic emissions in
order to validate the occurrence of damage during the test. A 20 kHz
Butterworth second order high pass filter was applied to the microphone
readings to remove unwanted noise from the measurement. To confirm
the role of the DHF PVDF in damage detection, neat composite speci-
mens fabricated using the same layup configuration (0.92 mm thickness)
and solely infused with epoxy were also tested using the same setup for
comparison.

2.4. Tensile testing

In addition to sensing during flexural loading, the capacity of the

Epoxy
infusion

Carbon

< —

$— Fiberglass/DHF PVDF
Prepreg

Fig. 1. Schematic of (a) two plies of neat plain weave fiberglass, (b) fiberglass infused with PVDF, (c) final composite comprised of two layers of carbon fiber,
fiberglass with PVDF, and one layer of carbon fiber with an epoxy matrix, and (d) final cut and polished sample.
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samples to detect damage during tensile loading was also assessed. To
achieve this, the samples were loaded in a tensile test per ASTM standard
D3039 using the same Instron Model 5982 load frame with a 100 kN
load cell. The samples were cut to dimensions of approximately 13 mm
in width and 100 mm in length, resulting in a gauge length of ~75 mm.
The fiberglass tabs attached to the ends of each composite sample served
a dual purpose as they both prevented slipping of the composite beams
or samples and acted as an electrically insulating barrier between the
composite sample and the test frame. As with the flexural testing, the
voltage across the thickness of the sample was monitored throughout the
duration of the tests. Additionally, the same high frequency microphone
and signal conditioner were once again used to confirm the damage via
acoustic emissions. To establish necessity of the DHF PVDF for damage
sensing, neat composite samples fabricated using a similar stacking
layup, and without the DHF PVDF component, were tested as a basis for
comparison.

3. Results and discussion
3.1. DHF PVDF characterization

The merit of the dehydrofluorination process lies in the concept that
the formation of C=C bonds in the polymer backbone lead to rotational
stiffness which induces formation of the p-phase rather than the nor-
mally thermodynamically stable a-phase [59]. This significant adjust-
ment to the structure of the PVDF affects the preferred phase and results
in increased crystallinity, primarily in the form of p-phase. To investi-
gate the phase composition of the DHF PVDF at each stage of the
fabrication process in this work and ensure the ferroelectric properties,
Fourier-transform infrared spectroscopy (FTIR) was performed
following the initial infusion, pressing, and annealing steps. It can be
noted that the chemical composition and piezoelectric response of DHF
PVDF are fully reported in the reference literature [59], thus FTIR was
considered to be sufficient for the purposes of this work when investi-
gating the phase composition of the DHF PVDF prepreg. The resulting
spectra taken after each step can be seen in Fig. 2 with the baseline
measurement representing the prepreg following initial infusion. It can
be noted that the spectra were taken directly from the surface of the
prepreg, and the prepreg received no additional treatment prior to the
measurements. It is clear from the figure that the initial combination of
the PVDF with the fiberglass fabrics results in the formation of primarily
(B+y)-phase PVDF as this is the preferred configuration. However,
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Fig. 2. FTIR spectra of neat DHF PVDF after initial infusion (baseline), pressed
DHF PVDF (pressed), and pressed DHF PVDF following the annealing pro-
cess (annealed).
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following the hot press treatment which fully infuses the PVDF into the
woven fiberglass, the PVDF is found to be comprised of primarily
a-phase. Since DHF PVDF has previously been shown to maintain
p-phase in temperatures up to ~210 °C, which is well above the tem-
perature of the hot press step [59], it is assumed that this transition to
a-phase under heat and pressure is a result of the flow of the polymer
into the fabric and the interaction with the high surface area of the glass
resulting in greater confinement, physically limiting the crystal growth
of the PVDF that is required to form y- or B-phase. To encourage crystal
growth and thus reintroduce additional ferroelectric potential, the
pressed prepreg was annealed at 180 °C in an oven for 20 min and cooled
slowly in the same oven so as not to quench crystal growth. As seen in
Fig. 2, the resulting annealed surface shows an increase in the peaks
corresponding to both y-phase (811 cm ! and 1234 cm ™! wavenumbers)
and B-phase (1275 c¢m ! wavenumber) or a combination (837 cm™ ! and
1430 cm™! wavenumbers) [63]. For the purpose of this work, the
combination of both y-phase and p-phase was considered to be prefer-
ential as both phases result in adequate piezoelectric coupling for
damage detection.

3.2. In-situ sensing during three-point bend testing

Both neat hybrid composites and hybrid composites fabricated using
DHF PVDF were tested in three-point bend testing to establish the ability
of the samples to sense damage resulting from flexural loading.
Throughout the duration of the test, the applied stress and resulting
voltage across the thickness of the sample were recorded. In addition,
the resulting acoustic emission output was measured using a high fre-
quency microphone. Sudden drops in the applied stress that also cor-
responded to burst signals detected using the high frequency
microphone indicated the occurrence of damage. As damage occurs
within the loaded composite specimen, a corresponding release of me-
chanical strain energy results in a propagating elastic wave that was
detected via the high frequency microphone. It can be noted that
airborne acoustics have been shown to be effective in detecting damage
independently [64], and the validity of the methodology was further
confirmed here through the correlation between changes to the stress
curve and microphone acoustic emission measurements. Fig. 3a—c shows
the applied stress, corresponding microphone pressure reading, and
voltage across the specimen, respectively, for a neat composite sample
during flexural loading. For clarity, the stress and microphone pressure
reading during the latter portion of the test (final ~30 %), where the
sample experienced significant detectable damage, is shown at a higher
magnification in Fig. 3d and e, respectively. From Fig. 3d and e, the
previously described evidence of damage occurrence is manifest by the
sudden changes in the slope of the stress curve, visually shown as drops
in the applied stress, which correspond to bursts in the microphone
pressure readings. In contrast to active stress and pressure measure-
ments, the voltage across the representative neat sample is observed to
remain relatively constant with little variation in the signal, thus indi-
cating no piezoelectric activity or response to damage. Therefore, the
baseline neat hybrid composite samples prove unable to detect damage
using voltage measurements.

As a comparison, the applied stress, microphone pressure reading,
and voltage across the thickness of a sample containing DHF PVDF are
shown in Fig. 4a—c, respectively. As before, the occurrence of damage is
observed by drops in the applied stress corresponding to acoustic
emission burst measurements from the high frequency microphone.
However, in contrast to the neat samples, the voltage measurements
across the composite samples containing DHF PVDF showed a response
correlating to damage. Fig. 4d and e shows the microphone pressure
reading and voltage across the sample, respectively, during the latter
portion of the test when the damage is observed to occur (final ~25%).
From Fig. 4e, the sample containing DHF PVDF exhibits a voltage
emission as a result of the piezoelectric coupling of the DHF PVDF, thus
confirming that the combined (f+y)-phases resulting from the DHF
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Fig. 4. (a) Applied stress, (b) microphone pressure reading, and (c) sample voltage for one representative sample containing DHF PVDF during three-point bend
testing. Magnified sections of the (d) microphone pressure reading (e) sample voltage to confirm damage detection.

process result in sufficient electromechanical properties. As the sample
is damaged via interlaminar delamination or fiber breaking during
flexural loading, the DHF PVDF is perturbed resulting in a separation of
charge. Thus, the voltage across the two electrodes surrounding the
dielectric is observed to increase as a result. It is also worthwhile to note
that the amplitude of the voltage emission is shown to correlate to the
amplitude of the acoustic emission readings from the microphone,
indicating that the damage severity, which has been shown previously to
correlate to AET amplitude [41,65,66], is equally detectable by the
multifunctional composite itself. In summary, the DHF PVDF is shown to
add sensing functionality that was not observed from the neat samples,
and the information collected is similar to that from the benchmark AET
sensor. Thus, the need for an external structural health monitoring de-
vice or a system of discrete embedded sensors is eliminated by intro-
ducing an omnipresent ferroelectric sensing component fully integrated
within the composite structure. Using this methodology, electrical
measurements can be taken between any locations on the top and bot-
tom surfaces of the composite in contrast to requiring electrical con-
nections to embedded films.

3.3. In-situ sensing during tensile testing

In addition to flexural loading, both neat baseline samples and
samples containing the same DHF PVDF prepreg were tested in a tensile
testing configuration to further evaluate the ability of the DHF PVDF to
detect various types of damage. Since the applied stress during tensile
loading is much higher than that during flexural loading and the load
cell is less sensitive to microdamage at such magnitudes, damage is not
observed in the applied stress measurements prior to catastrophic fail-
ure. However, the same high frequency microphone which was shown to
successfully detect damage during flexural loading was also used to
detect acoustic emission output during tensile loading to confirm the
occurrence of damage. The applied stress, microphone pressure reading,
and voltage across the sample thickness for a representative neat com-
posite sample are shown in Fig. 5a-c, respectively. As was observed
during the flexural loading of a baseline sample, the microphone pres-
sure reading (Fig. 5b) shows acoustic emission activity during the latter
portion of the test (final ~30%). However, the voltage reading across the
sample once again shows no measurable activity due to the lack of any
inherent sensing component. At catastrophic failure, the voltage across
the sample shows a small increase resulting from the complete failure of
the sample leading to a rapid change in resistance and capacitance, as
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voltage for one representative neat sample during tensile testing.

well as disturbance to the wire leads attached to the surface of the
sample that produces an artifact in the measurement. Thus, the baseline
sample is incapable of sensing any damage prior to complete failure.
As was observed during the three-point bend testing, the composite
samples containing DHF PVDF also showed a strong voltage response
during tensile testing. Fig. 6a—c shows the applied stress, microphone
pressure reading, and voltage emission across the sample for a repre-
sentative DHF PVDF composite sample. Similar to what was observed
during flexural loading, the sample shows a voltage emission correlating
to acoustic emission readings from the high frequency microphone,
which is particularly evident as the sample approaches complete failure.
For greater clarity, the microphone pressure reading and voltage across
the PVDF sample during a portion of the test is shown at higher
magnification in Fig. 6d and e, respectively. As was discussed
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previously, the propagating waves detected by the microphone and the
voltage emissions measured across the sample once again show corre-
lation, not only in approximate time of occurrence, but in relative
amplitude as well. This supports the assertion that the amplitude of the
voltage emission, similar to AET measurements, corresponds to the
significance of the damage. Prior AET work has shown that the AET
amplitude increases with damage significance, with matrix cracking
being the least, followed by fiber matrix debonding and interlaminar
delamination, while fiber breakage results in the highest amplitude
emission [41]. In addition to the evidence shown in Fig. 6, this
phenomenologically holds true for multifunctional composites con-
taining a piezoelectric component as well. While less significant damage
such as matrix cracking results in only a small mechanical perturbation
of the piezoelectric component, more significant damage such as
delamination or fiber breakage results in a large mechanical change in
strain, resulting in increased charge separation due to the direct piezo-
electric effect, and thus a larger magnitude voltage emission measure-
ment across the surrounding electrodes. This correlation is further
discussed in prior works investigating piezoelectric ZnO nanowires for
in-situ damage detection using the same methodology employed here
[60].

To further analyze the response of the DHF PVDF hybrid composite, a
closer examination of the response mechanism of both the microphone
readings and the voltage measurements across the sample was
completed. A single acoustic emission burst detected by the microphone
and the corresponding voltage emission measured across the sample are
shown in Fig. 7a and b, respectively. From Fig. 7a, the high frequency
microphone functions as an AET sensor which detects the propagating
waves resulting from damage. As damage occurs, a release in mechan-
ical energy results in the propagation of an elastic wave that was
detected by the microphone as a burst signal. In contrast, Fig. 7b shows
the corresponding voltage response to the same damage incident. The
composite containing DHF PVDF was designed and fabricated to possess
the same fundamental functional components as a traditional piezo-
electric sensor. As the composite experiences an internal change in
strain, charge separation occurs and results in the rapid increase in the
voltage measurement. This is followed by a discharge manifested by an
exponential decay, which is characteristic of capacitive components.
Therefore, the multifunctional composite acts as a capacitor that charges
and discharges in response to a strain impulse resulting in the initial
charge. This is similar to the response observed from samples containing
ZnO rather than PVDF in the dielectric material between the electrodes,
thus supporting the assertion that this voltage emission damage detec-
tion mechanism is characteristic of composites fabricated with inherent
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Fig. 6. (a) Applied stress, (b) microphone pressure reading, and (c) sample voltage for one representative sample containing DHF PVDF during tensile testing.
Magnified sections of the (d) microphone pressure reading (e) sample voltage to confirm damage detection.
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Fig. 7. Example of a “hit” indicating damage detection from (a) the AET microphone and (b) the PVDF composite. Detected hit amplitude (left) and cumulative
number of hits (right) versus time for (c) the AET microphone and (d) the PVDF composite.

piezoelectric sensing functionality [60].

To further evaluate the occurrence of damage, a minimum threshold
was defined for both the microphone reading and the voltage mea-
surement. Each instance of an increase in the signal magnitude above
the specified threshold is referred to as a “hit.” In an effort to establish a
fair comparison between damage detection methods, several re-
quirements were met in determining the hit threshold for both the
microphone and voltage measurements: (1) each burst signal recorded
by the microphone was considered a single hit, (2) each hit was required
to be separated by 5 ms to eliminate the counting of reflective waves by
the microphone, (3) a root mean square (RMS) signal to noise ratio
(SNR) was defined by calculating the RMS value of the hit amplitudes
divided by the RMS value of the baseline noise, and (4) the threshold of
both the microphone and voltage was adjusted until the RMS SNR was
within 10 between the two measurements. Thus, the threshold
accounted for differences between the baseline readings of each mea-
surement and provided a fair comparison between the two measure-
ments techniques to establish the effectiveness of the DHF PVDF against
the widely accepted acoustic emission benchmark. The resulting RMS
SNR values were calculated to be 1259 and 1252 for the microphone and
voltage readings, respectively, which resulted in threshold magnitudes
of approximately 25 mPa for the microphone reading and approximately
2.4 mV for the voltage reading. Using these defined thresholds, the
amplitude of each hit and the cumulative number of hits versus time for
both the microphone and voltage are shown in Fig. 7c and d, respec-
tively. A visual examination of the data illustrates that the sample
containing DHF PVDF shows comparable damage detection capabilities
to the high frequency microphone in the approximate instance of
occurrence, relative amplitude, and cumulative number of hits, indi-
cating that the voltage emission method shows similar effectiveness to
traditional AET. Therefore, voltage measurements taken directly from
the composite allow for the tracking of the damage history of the com-
posite for structural failure prediction and prevention purposes. How-
ever, unlike AET methods, the voltage emissions here are detected via
the multifunctional composite itself, without any need for external
sensors. Furthermore, the DHF PVDF is present throughout the entirety
of the plane of the composite, therefore allowing for complete damage
detection capabilities throughout the full area of the composite structure
under investigation. To this end, it should also be noted that the woven
carbon fabric comprising the top and bottom plies of the composite also
serve as electrodes, which cover the plane of the composite, further
supporting the omnipresent nature of the proposed sensing mechanism.
It can also be noted that in practice, extensive baseline testing is used to
determine an empirical threshold for AET. It is expected that a similar
analysis would be completed for future widespread application of the
novel piezoelectric prepreg discussed here, however, the threshold
determined in this work was considered sufficient for an initial inves-
tigation to establish the functionality of the material in damage sensing.

4. Conclusions

The merit of this work is the investigation of a fully integrated
alternative damage sensing mechanism to current methods that require
the attachment of external or discrete sensors for in-situ SHM of fiber-
reinforced composites. First, a thermally stable DHF PVDF prepreg
was fabricated and characterized using FTIR. The ferroelectric prepreg
was then used to fabricate a structural piezoelectric sensor by placing
the insulating prepreg between carbon fiber fabrics which act as elec-
trodes. As a result, the sensing capabilities are fully distributed
throughout the composite, and the need for multiple embedded sensors
is eliminated. Additionally, the structural integrity of the interlaminar
region was found to be maintained through strategic placement of the
DHF PVDF prepreg within the composite layup as confirmed through
SBS testing. This composite was then subjected to flexural and tensile
loading, during which it proved capable of sensing both the time of
occurrence and relative significance of damage during both loading
conditions, in a comparable manner to the employed benchmark AET
sensor. The damage monitoring technique required no current input to
the sample, and instead passively measured the voltage output of the
sample. The cumulative processing of the passive measurements was
then shown to be useful in the analysis of the damage history of the
composite structure by tracking the cumulative number of hits. There-
fore, multifunctional composites containing DHF PVDF provide a scal-
able, fully integrated, and omnipresent alternative to current AET
sensing techniques, and can be used to detect early damage in-situ with
the goal of increasing the safety and reliability of composite structures.
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