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Abstract
Environmental and cost-saving advantages derived from the use of composites attract aerospace and automotive indus-
tries as these materials offer significant structural and aerodynamic advantages over traditional metal structures. The
composites industry, however, is concerned with the manufacturing processes as they cannot provide fast enough cycle
time to match metal alloy processes. Our research aims to develop a sensing technology in the form of a reusable in situ
cure monitoring and assessment system that can predict the formation of manufacturing defects and monitor the degree
of cure. Thin-film material is chosen from various PTFE-based material by prioritizing the debonding effect and signal
transmission through the composite part. Then, the film is used to sandwich piezoelectric actuators and sensors to mon-
itor out-of-autoclave carbon fiber composite plates using ultrasonic Lamb waves by temporarily adhering to the manufac-
tured part creating an effective electromechanical coupling between the sensing film and the laminate. Initial results,
through the analysis of the fundamental antisymmetric A0 mode at low frequencies, indicate that analyzing the velocity
and amplitude of these waves over cure time determines gelation and vitrification points. Experimental results have also
proved the feasibility of using such a reusable film for different curing cycles, always determining certain cure
parameters.
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1. Introduction

The composites industry has been growing exponen-
tially in the past two decades. According to Holmes
(2019), the global market size of this industry reached
1.82 billion dollars at the beginning of 2019. This fast
growth indicates that various companies are realizing
the advantages of this material and are incorporating it
in numerous applications from sports equipment to the
aerospace industry. However, manufacturers still strug-
gle with its production time as the curing cycles are
often established based on trial and error and are not
optimized to their highest potential (Lindrose, 1978).
Another problem that the industry faces is the defects
within the composites coming from high porosity levels
during manufacturing. Porosity is the bulk of many
micro-voids which are induced from wetness or trapped
air that, when culminating together, reduce the
mechanical properties of the cured composite (Birt and
Smith, 2004). These problems require a system that can
effectively monitor the composites in real-time during
curing while tracking defects and/or damage inside the
parts. Bekas et al. (2019) fabricated a multi-functional

sensor consisting of inkjet-printed silver-based circuits
and interdigital sensors for the structural health moni-
toring of a bonded composites repair without weight
addition. Whereas Scheerer et al. (2017) made a piezo-
temperature sensor to be integrated in the manufactur-
ing process of resin transfer moulding (RTM). The goal
of this work is to develop such a system that monitors
the composite laminates during traditional curing
inside an oven while being reusable to lower the cost
and material consumption.

Established resin cure monitoring methods such as
dynamic mechanical analysis (DMA), differential scan-
ning calorimetry (DSC), rheology, and dielectric analy-
sis (DEA) are widely used but mostly limited to a lab
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setup under ideal conditions and are not feasible to be
used at an industrial production and processing level
(Hardis et al., 2013). They are still important, however,
as they provide high quality information about glass
transition temperature (Tg), cure onsets, completion of
cure, and degree of cure (Pang and Gillham, 1990).
These methods also give several cure parameters in
function of time such as minimum viscosity of the poly-
mer, gelation (cross-linking), and vitrification (glassy
state) points (Lange et al., 2000; Nixdorf and Busse,
2001). Stark et al. (2015) tested different carbon fiber
samples using DMA under different heating rates,
damping frequencies, and overall ramp cycle to study
the dependency of the liquid, rubbery, and glassy states
to these changes. On the other hand, research involving
ultrasonic methods was also used to study the resin cur-
ing cycle. Challis et al. (2000) have shown that using
compression and shear ultrasonic waves, the structure
growth and cross-linking time of the resin can be deter-
mined. Aggelis and Paipetis (2012) monitored epoxy
resin using bulk ultrasonic waves and identified the
gelation and vitrification points respectively through
amplitude curves and wave velocity curves using ultra-
sonic transducers. They showed that velocity is linked
directly to the stiffness of the resin, while viscosity
relates to the attenuation of the propagating wave.
Lionetto and Maffezzoli (2013) used air-coupled trans-
ducers to determine the onsets of both gelation and
vitrification where they found out that the second onset
happens because the kinetics of the reaction slow down
and the latter becomes diffusion controlled. Hudson
and Yuan (2018) created an automated process to mon-
itor the carbon fiber composite using guided Lamb
waves. Their discoveries relied only on the amplitude
graphs of the propagating Lamb waves to determine all
three cure parameters.

Lamb waves, named after Horace Lamb (1917), are
elastic waves present in thin solid media that propagate
by reflecting off the upper and lower boundaries of the
plate thus expanding into two sets of wave modes: sym-
metrical in-plane, and anti-symmetrical out-of-plane
modes. They have been used in various nondestructive
testing (NDT) applications to evaluate and monitor the
structural properties and integrity of different metallic
and non-metallic structures. Being reliably capable of
propagating, highly sensitive to damage, and easily gen-
erated and collected, Lamb waves offer high-precision
damage detection, making it a competitive substitute to
traditional NDT tools (Su et al., 2006). Harb and Yuan
(2015, 2016) assembled a fully non-contact system for
identification of delamination in composite laminates
using the fundamental antisymmetric (A0) Lamb wave
mode. The same research group used Lamb waves for
imaging hardly visible damages in metallic and compo-
site plates (Harb and Yuan, 2017). Mustapha et al.
(2011) proposed a practical approach for the detection
of debonding in sandwich composite structures using a

time-reversal technique based on A0 Lamb wave mode
at low frequency. Okabe et al. (2010) offered a new
delamination detection method based on the change in
the dispersion characteristic from the information
obtained about the Lamb wave mode conversion using
Macro-Fiber Composite (MFC) actuators and Fiber
Bragg Grating (FBG) sensors on a quasi-isotropic
CFRP laminate. Mehrabi and Soorgee (2019) employed
Lamb waves to detect the curing of two adhesives.
They identified the process in three stages: uncured,
semi-cured, and fully-cured resin while having the
amplitude of the wave dropping as the adhesive cures.
More recently, guided Lamb waves have been used for
more variant research such as: characterizing the fric-
tion stir welded joints of dissimilar materials using the
frequency-wavenumber filtering technique (Fakih et al.,
2017), optimizing sensor placement on metallic and
composite structures for maximum damage detection
coverage area having minimum number of PZTs glued
to the surface (Ismail et al., 2019), and determining the
adhesion quality within three-layer structures (alumi-
num/adhesive/composite) which serves as a basis for
future large scale manufacturing process quality control
(Attar et al., 2020).

The focus of this paper is to (a) investigate the
proper material needed to design and fabricate such sys-
tem, (b) examine the use of ultrasonics to monitor the
curing cycle through certain wave parameters, and (c)
study the feasibility of this monitoring process. A reusa-
ble flexible sensing film promotes recycling and induces
less wasted material while being faster for monitoring
purposes. The material selection for this sensing film
would be based on chemical, electrical, and mechanical
properties. Among several material candidates that pos-
sess the required properties such as high melting tem-
perature, matching acoustic impedance, and chemical
inertness, Polytetrafluoroethylene (PTFE) commonly
known as Teflon is a good candidate. Teflon has been
used as artificial delamination in-between layers for
composite testing (Cahain et al., 2014; Deng, 1995)
which allows debonding to happen easily by separating
the inserted film from the composite. Moreover, PTFE
is used as fiber filler for the thermoplastic polymer
Polyetheretherketone (PEEK) to fabricate a composite
with lower friction coefficient and higher resistance to
wear than the virgin PEEK material (Vail et al., 2011).
Another test showed that the lowest shear stress, lowest
breakdown time, and highest contact angle were
observed in the PTFE barrier-epoxy resin combination
in comparison to other material (Vogelsang et al.,
2002). In addition, PTFE is known for its liquid repel-
lency as it shows hydro- and oleo-phobic properties
especially in the kitchenware industry (Coulson et al.,
2000). Such properties make it an ideal candidate to be
used as the required thin film.

This paper first introduces the experimental work in
selecting the thin film material by making sure it
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debonds from the carbon fiber after curing and trans-
mits readable Lamb wave signals throughout the mate-
rial. Then, this work reports on the online monitoring
of unidirectional and woven laminates, the effect of the
thin film on the generated Lamb wave modes and pro-
vide several trend line analysis discussing cure para-
meters using the proposed system. Eventually, the
feasibility of this reusable sensing film is verified by
tracking down the same cure parameters on a different
curing cycle.

2. Material selection

2.1. Bonding test

Samples of five different materials shown in Table 1,
consisting of three PTFE films, one modified PTFE
(TFM), and one Fluorinated ethylene propylene (FEP),
are investigated for bonding strength and ultrasonic
signal transmission. These materials have acoustic
impedances close to that of epoxy with low electrical
dissipation factor and possess chemical inertness. Long
strips (15 3 80 mm2) were cut from each material and
placed directly on the top of an uncured carbon fiber
laminate, as shown in sure 1(a), which was then cured
under vacuum following the manufacturer’s curing
cycle. After curing, the strips were manually peeled off
the sample to study the bonding of the material with
the laminate post curing. The peeled samples as seen in

Figure 1(b) show that TFM and FEP partially bonded
to the plate while the three PTFE samples peeled off
easily leaving a smooth surface finish on the plate.

2.2. Signal transmission

The non-bonded materials from the previous test were
further investigated for their wave propagation effec-
tiveness when sandwiching an ultrasonic transducer.
The emphasis of this experiment is on the amplitude of
the excited and received signals through the different
PTFE materials. A 300 3 300 3 3 mm3 Aluminum
(Al-1050) plate was used as the base structure with five
disc-shaped piezoceramic transducers (PZTs), 1 mm
thick 3 10 mm in diameter, glued directly on the plate
and three other discs were placed inside 30 3 15 mm2

sandwich of each PTFE material as illustrated in Figure
2. The PTFE sandwiched PZTs were not glued to the
Aluminum plate but were assumed to have a near per-
fect adhesion when the whole sample is under vacuum.

Five-peak sinusoidal Hanning-windowed signal,
generated by a Keysight 33500B signal generator and
amplified by an EPA-104 Piezo System Inc amplifier,
was used to excite PZTs. On the other end, sensing
PZTs were recording any measured signal via a
Keysight InfiniiVision DSO-X 3024A oscilloscope. The
actuators and the sensors are 150 mm apart which is
enough distance for the two Lamb wave modes, sym-
metric S0 and antisymmetric A0, to be separated discre-
tely for the selected frequency of 250 kHz. Two main
studies were carried out such that the PZTs sandwiched
with the PTFE materials were either actuators or sen-
sors. This is because excitation and reception of the sig-
nal with the addition of the PTFE layer on only one
side is not reversible. The reflections within the PTFE
boundaries would differ hence resulting in a difference
in the sensed signal. Then, each of the two studies had
three different cases depending on the propagation
direction of the wave or actuator-sensor combination.
For instance, S4B4, S4B3, S4B2 would be respectively

Table 1. Thin film material used and peeling test results.

Specimen Material Film
thickness (mm)

Peel test

TF-1 Skived PTFE 0.5 No bond
TF-2 Glass cloth PTFE 0.25 No bond
TF-3 FEP 0.13 Bonded
TF-4 Cast PTFE 0.25 No bond
TF-5 TFM 0.08 Bonded

Figure 1. Thin film specimens: (a) before and (b) after peel test.
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case 1, case 2, and case 3 for the first study when the
Skived PTFE sandwiched (S) PZT is an actuator and
the bare (B) PZTs are sensors; whereas B4S4, B3S4,
and B2S4 would be the same cases respectively for the
second study when the bare PZTs are actuators and
Skived PTFE sandwiched PZT acts as a sensor. In both
studies the obtained data are compared to the baseline
data measured from S1B1, S1B2, S1B3 or B1S1, B2S1,
B3S1.

For the used frequency of 250 kHz, the S0 mode is
dominant over A0 in aluminium according to the tun-
ing curves from both theory and experiments (Malaeb
et al., 2018). The amplitude of the highest peak of the

first received S0 packet in the measured signal is com-
pared for all PTFE sandwiched PZTs to check for the
highest transmission among them. The results in
Figure 3 for all six cases show that Skived PTFE has
the best signal transmission compared to Cast and
Glass cloth PTFE. The out-of-planar nature of the A0

mode should make it spread through the added PTFE
material in a higher relative amplitude than S0, which
vibrates in the plane of the propagation direction,
unlike A0 which pulsates perpendicularly, that is, in the
z-direction, to the wave moving direction. This is why
the A0 mode needs to be analyzed through these mate-
rial too. The plate used is considerably small and the

Figure 2. Experimental setup for signal intensity measurement using sandwiched PZTs (not drawn to scale).

Figure 3. Normalized amplitude for S0 mode at 250 kHz for the different materials in all three cases where sandwiched PZTs act
as (a) actuators and (b) sensors.
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edge reflections coming from S0 may coincide with the
first received A0 packet. Hence, another experiment
with a bigger plate is conducted.

To better analyze the signal performance along the
added PTFE, the signal generation was investigated
over other frequencies where A0 or S0 are dominant. In
Al-1050, according to the same theoretical and experi-
mental tuning curves, the A0 mode is dominant at
100 kHz while S0 is the major mode at 200 kHz. It is
worth mentioning that these experiments are in line
with theory and with Giurgiutiu’s (2005) work on this.
Figure 4 shows the setup of the second wave generation
experiment which was carried out in the center of a
large 1000 3 1000 3 3 mm3 plate to delay unwanted
boundary edge reflections. One layer of each PTFE
material with a cross-sectional area of 30 3 60 mm2 is
placed underneath transducers B, C, and D. Vacuum
was always used to enhance contact. Two additional
PZTs, 1 and 6, were also glued on the right side making
one more additional path for each material, thus a
fourth case. The materials were only used as actuators
for four cases and tested with the two frequencies.
Figure 5 shows the horizontal path case of signal gener-
ation (A2, B3, C4, and D5 from Figure 4) where it is
clear that the two modes are separated, and no reflec-
tions overlap with the first received A0 packet. It is
noticeable how the weaker S0 mode at 100 kHz is
barely recorded by the PZTs layered over the PTFE

materials. In fact, although S0 is dominant at 200 kHz,
its amplitude is still read lower than A0 by these PZTs.
Table 2 summarizes the results of all 16 studied cases
where for each frequency, exist 4 cases for each mode.
The table also demonstrates the eight dominant mode
cases: A0 at 100 kHz and S0 at 200 kHz.

Unlike the first signal transmission experiment,
Skived PTFE does not have the highest amplitude in
all cases. For the dominant A0 mode at 100 kHz and
the dominant S0 mode at 200 kHz, Skived PTFE leads
with all four cases and two cases (shared Glass cloth
PTFE), respectively. For the weaker S0 mode at
100 kHz and A0 mode at 200 kHz, Cast and Glass
cloth PTFE have the highest amplitudes, respectively.
For the sum of all cases, Skived PTFE transmits the
highest amplitudes in 7 out of 16 cases while it leads in
6 out of 8 dominant mode cases. Knowing that this
material has a 0.5 mm thickness while the Cast and
Glass cloth PTFE were both 0.25 mm thick, Skived
PTFE was clearly chosen to be the sole candidate for
the cure monitoring application.

3. Cure cycle monitoring

3.1. Experimental setup

Two kinds of composite laminates were considered in
this study for the cure monitoring experiments. The
first is an autoclavable XPREG XC130 unidirectional
Pre-impregnated Carbon Fiber-Reinforced Polymer
(CFRP) and the second is an out-of-autoclave XPREG
XC110 woven prepreg CFRP. In this work, both com-
posites were cured in a precision composites curing
oven (OV301 easycomposites�) under vacuum and
heat. In the absence of an autoclave, the manufacturer
suggested using the same out-of-autoclave cycle for
both types. While the parts were under vacuum, the
heating cycle started at room temperature and heated
slowly at a rate 1�C/min until it reached 70�C and left
soaking at that temperature for 4 h. The oven was then
heated to 120�C at a 2�C/min heating rate and soaked
for 1 h and then cooled down to room temperature
naturally. Figure 6 shows this curing cycle including
both heat and pressure.

Two separate cure monitoring experiments were
done during this study. The first cure monitoring

Table 2. Number of cases recording highest amplitude for S0 and A0 Lamb wave mode at 100 and 200 kHz for different thin film
materials.

100 kHz 200 kHz Total % Dominant modes %

S0 A0 S0 A0

Glass cloth PTFE 0 0 2 2 4 25 2 25
Skived PTFE 0 4 2 1 7 43.75 6 75
Cast PTFE 4 0 0 1 5 31.25 0 0
Number of cases 4 4 4 4 16 100 8 100

Figure 4. Second signal transmission setup at the center of a
1000 3 1000 mm2 Al-1050 plate.
B is glass cloth PTFE, C is skived PTFE, and D is cast PTFE.
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experiment was done on two unidirectional [0]3 CFRP
laminates while the second was investigated on two
woven [0/90/0] CFRP laminates. All laminates were
220 3 350 3 1 mm3 in dimensions. Figure 7 shows
the setup of this experiment where a 700 3 400 3 6
mm3 aluminum plate is used as the tooling plate. The
plate is partitioned into three equal sections. Section A

has an actuating and sensing PZT directly glued on the
aluminum which will monitor any change involving the
PZTs and Al plate during the curing cycle for any tem-
perature effect. Section B holds one CFRP laminate
with PZT sensor and actuator directly placed on its top
surface. Section C holds another CFRP laminate with
PZT sensor and actuator sandwiched between two
Skived PTFE films over the composite. The Skived
PTFE films were 0.5 mm thick each, of the same size
as the CFRP plate and with adhesive silicone layers on
one side which were cut and joint together having two
PZTs in between. All PZTs used were disc shaped
PZT-5J material type with 0.5 mm thickness, 7 mm
diameter, and had 320�C Curie temperature making
them effective for temperatures up to 160�C as recom-
mended by the manufacturer. The PZT wires are sol-
dered below Curie temperature using 60-40% Sn-Pb

solder that has a 190�C melting temperature. Silicone
release agent was sprayed on the Al plate under the
two CFRP plates to prevent any bonding. The plate
was then placed in a vacuum bag with the wires well
sealed to prevent air leak during vacuum and then
placed in an oven following the manufacturer’s recom-
mended curing cycle.

Figure 5. Sensed signals by the bare PZTs when actuated from the sandwiched ones with excitation frequencies of (a) 100 kHz and
(b) 200 kHz.

Figure 6. Cure cycle of the out-of-autoclave prepreg as
proposed by the manufacturer.

Figure 7. First cure monitoring experiment setup showing
different paths that are tracked for each actuator-sensor.
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The actuation and sensing system used in the earlier
experiment was also implement in this experiment. The
amplified signal to the actuator was 160 Vpp (peak-to-
peak voltage) at a central frequency of 70 kHz. This
frequency was chosen after some testing as it provides
highest A0 amplitude and nearly eliminates S0 in the
unidirectional CFRP. This does not apply to the woven
CFRP as both modes are very clear in this prepreg, but
we kept the same frequency for the purpose of compari-
son. Data was being measured by the oscilloscope every
10 min from all three sensors in sections A, B, and C
for each actuator.

3.2. Results

The data collected is analyzed through two parameters:
the voltage of the received signal and the group veloci-
ties of the generated modes. The group velocity is sim-
ply the distance between the transmitting and receiving
transducers, covered by the propagating signal, divided
by the time-of-flight. When the Lamb wave propagates
through any material, depending on its properties and
the excitation frequency, the excited signal inherits dis-
persion. This means that the number of peaks in a
packet can increase as it travels, and the amplitude of
the highest peak decreases as it shifts from the third
peak in the input signal to other peaks at the centroid
of the sensed signal, which causes slower moving pack-
ets as the time between the third peak of the actuator
and the centroid of a dispersive wave would increase.
This phenomenon is mentioned because while dealing
with this data, some signal paths caused the waves to
be slightly dispersive causing the analysis to take on
two forms: through the signal itself and its envelope. If
dispersive, the envelope’s highest point would be the
centroid, giving the actual group velocity, and the third
peak, which is now ahead of the centroid, would give a
velocity in between the phase velocity and the group
velocity. For simplicity, both are called group velocities
and the better trend of the two is chosen. Figure 8
shows an example of a measured signal from the PTFE
sensing film over the unidirectional composite.

For the same sensing film and CFRP, Figure 9
shows data points of group velocity and voltage as
function of curing time. It also shows the difference
between using the third peak and the envelope to calcu-
late these parameters. While the voltage curves show
the same trend with minor differences in the values at
the beginning and end of the cycle, the velocity curves
are similar except for the obvious shift in the middle 4-
h soak section as the envelope goes faster by almost
100 m/s during this liquid phase. For most of the paths
analyzed, the group velocity curves are better evaluated
when using the third peak instead of the moving envel-
ope peak. Thus, in this work, velocity and voltage
curves are measured according to the signal’s third
peak. Future plots will show only the trends of the
curves without inclusion of the data points for better
visuals.

3.2.1. Trendline analysis and comparison. Figure 10 shows
the group velocity and signal amplitude curves for the
A0 Lamb wave mode for seven paths from the first cure
monitoring experiment in Figure 7. Starting with the
bare aluminum path plotted in dark red (ALact � ALsen)
in Figure 10(a) and (b), its velocity and voltage slightly
decrease with the increase in temperature. This could
be explained by the almost linear decrease of the elastic
modulus of aluminum during the curing cycle due to
the increase in temperature (Gerlich and Fisher, 1969)
which the velocity and attenuation of Lamb wave
depend on. With such insignificant change in velocity
and voltage compared to the other curves, mainly those
of the PTFEact � PTFEsen and UNIact � UNIsen paths, it
is feasible to assume that the propagation of Lamb
wave in aluminum during the curing cycle stays intact.
Notice that at 450 min, the (ALact � ALsen) path velocity
and voltage curves still haven’t gone back to their ini-
tial values. This is because the plate temperature after
only 1 h of natural cooling is still in the 50�C-60�C
range and haven’t reached room temperature yet. Once
it did after 2–3 h, both the velocity and voltage went
back to their initial state.

On the other hand, the setup is under vacuum dur-
ing the cure cycle which would create a near perfect
bond between the aluminium and the composite lami-
nates. Thus, the effect of this bond creating a CFRP-
Aluminium composite in section B and PTFE-CFRP-
Aluminum composite in section A on the generated
Lamb wave needs further investigation. The velocity
and voltage curves for all other paths, as seen in Figure
10, drop at the beginning of the cure cycle due to the
consolidation of the prepreg and then becoming a vis-
cous fluid with a plateaued curve until it reached a
drop when it starts the gelation process which then
increases and stabilizes when it solidifies. It is noticed
that the group velocities of all six paths passing
through the composite plates are lower than the group

Figure 8. Measured signal from the PTFE sandwiched actuator-
sensor film at 10 min into the curing cycle.
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velocity from the ALact � ALsen due to the interference
of the wave with the laminates which have lower A0

group velocity than the aluminium plate. That velocity
is even much lower for the propagating wave within the
same laminate: PTFEact � PTFEsen and UNIact � UNIsen.
Thus, the aluminium base plate does influence the
group velocity of the A0 mode since the laminates are
in contact with the tooling plate due to vacuum and the
silicone release agent. But since the monitored para-
meters are stable throughout the cure cycle as proven,
we could assume that the measured data is viable to
monitor the cure of a laminate.

Comparing directly the A0 mode group velocity
curves for unidirectional CFRP with and without the
use of thin PTFE film in Figure 11(a) and (b), one can
see that the velocity of A0 shifts downwards when hav-
ing PTFE due to the additional stacking in the PTFE-
CFRP-Aluminum laminate under vacuum. However,
the trends of the two velocity curves are very similar
having a decrease in the velocity from 0 min to 100 min
due to the initiation of resin consolidation inside the

prepreg. The resin becomes a viscous fluid with a rela-
tively constant velocity between 100 min and 300 min
until it reaches a drop when it starts the gelation pro-
cess at 310 min. The minima after that indicates full
gelation and then both curves increase until reaching an
asymptotic value at the end of the cure. But before that,
the trend of the incline changes halfway slowing the
rate of cure and indicating an onset that Lionetto and
Maffezzoli (2013) claimed to be the vitrification
point which demonstrates the start of the glassy solid
state.

The voltage curves show the same trend as the velo-
city curves except for a clear increase in the amplitude
for the plate without PTFE during the liquid phase
until it reaches a maximum around 300 min before
dropping off. This maximum is also present in the
PTFE path when zooming in on the curve. This,
according to Hudson and Yuan (2018), represents the
minimum viscosity of the resin before gelation, hence
the latter starting after this point occurs. It is of interest
to highlight the fact that this maximum occurs around

Figure 9. (a) Group velocity and (b) voltage of A0 mode generated and received by the skived PTFE sandwiched PZTs over the [0]3
unidirectional laminate.

Figure 10. (a) Group velocity and (b) voltage of A0 mode generated and received along different paths in the first cure monitoring
experiment.
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the end of the first soak and the start of the second
ramp in the cycle. Gelation is a process where the rub-
bery state is present in the prepreg after an irreversible
transformation in the resin from liquid to gel due to the
appearance of a cross-linked network and approaching
infinite molecular weight (Prime, 1970). It takes place
between the previous maximum (‘‘minimum viscosity’’)
and the time of the previously discussed vitrification
onset. The minimum point between the two indicates
full gelation of the prepreg. Both PTFEact � PTFEsen

and UNIact � UNIsen paths have the same times for min-
imum viscosity at 300 min, gelation at 335 min, and
vitrification point at 375 min. A few minutes difference
is noticed when these points were detected on the velo-
city and voltage curves. Hence, the first two parameters
are always taken from the voltage curves while vitrifica-
tion is acquired from the velocity curves as it is noticed
in previous work. The velocity and voltage curves of S0

mode plotted in Figure 11(c) and (d) show the absence
of S0 during the liquid stage for the PTFEact � PTFEsen

and UNIact � UNIsen paths. The advantage of the
PTFEact � PTFEsen path is clearly visible as S0 appears
at the gelation point unlike the UNIact � UNIsen path for
which it appears at or just before vitrification. This
indicates that monitoring the cure with frequencies
where A0 is dominant is a more reliable method because

its out-of-planar nature allows it to pass through the
several layers included in this bagging and monitoring
process at all states of the prepreg as proven.

To further investigate the onset of vitrification of the
unidirectional composite which occurred at 375 min,
two raw signals from the UNIact � UNIsen path taken at
curing times 365 min and 375 min were plotted in
Figure 12. It is noticed that right at the time of vitrifica-
tion, the reflections have increased not only in ampli-
tude but also in the number of peaks. This is noticed
because after the part solidified, the plate’s boundary
reflections and reflections from the nearly placed
vacuum probe become more noticeable.

Figure 11. (a) Group velocity of A0 mode, (b) voltage of A0 mode, (c) group velocity of S0 mode, and (d) voltage of S0 mode
generated and received over the [0]3 unidirectional laminate.

Figure 12. Raw data points from the UNIact � UNIsen path
showing the wave behavior before and after vitrification.
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The results for the cure monitoring of the woven
CFRP in the second experiment are plotted in Figure
13. Almost similar trends to the curves from the previ-
ous experiment are noticed. However, the vitrification
point for the woven laminate happens at 365 min
rather than 375 min in the A0 velocity plots. On the
other hand, the A0 amplitude curve for the
WOVENact �WOVENsen path seems distinct from the
rest of the curves. The trend would be similar to its
counterparts if the curve between 80 min and 345 min
is flipped horizontally. It seems that the woven CFRP
behaves differently than the unidirectional one during
this time. This is especially interesting as the PTFE in
this case seemed to have helped to identify the real
trend. It is important to point out that the curves of the
PTFEact � PTFEsen path for both the unidirectional and
woven laminates distinctly show the curing phases and
the critical cure monitoring points. The S0 mode in
Figure 13(c) and (d) is shown even in the liquid state
for the WOVENact �WOVENsen path unlike the
UNIact � UNIsen before. While the vitrification onset is
noticed in the velocity and voltage curves of the S0

mode, the minimum viscosity and gelation points are
only noticed in the velocity curve.

3.2.2. Post cure monitoring. Past curing and removal of
the carbon fiber plates from the mold, data was

collected for the UNIact � UNIsen and
WOVENact �WOVENsen paths to monitor the A0 mode
velocity strictly in the cured CFRP. The A0 mode
group velocities were measured at 1365 m/s for the
woven CFRP and 1425 m/s for the unidirectional
CFRP at 70 kHz, compared to 2830 m/s for the woven
CFRP-Aluminum composite and 2816 m/s for the uni-
directional CFRP-Aluminum composite. This affirms
that when going through the monitored material, the
wave was going inside the aluminum plate too creating
a new laminate of both material making the wave faster
due to the aluminum characteristics. This phenomenon
enhances the cure monitoring since in the liquid stage
of the resin, instead of the wave attenuating to degrees
that cannot be measured, it is staying visible due to the
presence of the aluminum while having the advantages
of reading the changes inside the monitored part as
seen in the different trendlines.

The two cured plates were placed once more in the
same curing cycle and monitored for the second time
after already reaching their final glassy state. This was
done to check for the indifference in the signal that the
ALact � ALsen path showed previously. Figure 14 shows
the group velocity and voltage curves of these two loose
cured plates (woven and unidirectional), the previously
discussed aluminum path and one more woven plate that
is cured-to-bond with the aluminum plate underneath.

Figure 13. (a) Group velocity of A0 mode, (b) voltage of A0 mode, (c) group velocity of S0 mode, and (d) voltage of S0 mode
generated and received over the [0/90/0] woven laminate
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The three new velocity curves show the same trend as the
aluminum one but with slower speeds. Wang et al. (2015)
mention that although fibers alone are temperature resis-
tant in terms of mechanical properties, the resin matrix
of the CFRP composite is ‘‘susceptible’’ to elevated tem-
peratures thus making the composite rapidly lose
strength and stiffness at elevated temperatures that are
lower by 20�C or more than its Tg. The measured Tg
from DMA experimentation for both unidirectional and
woven cured CFRP plates are 110�C and 107�C respec-
tively for Tg onset and 122�C and 118�C respectively for
peak Tg (Tt). This shows in these velocity curves as they
are losing velocity almost linearly during the two ramp
stages indicating almost linear loss of elastic modulus.
The two paths involving aluminum (ALact � ALsen and
WOVENact �WOVENsen bonded) have a delayed decline
in the group velocity or elastic modulus followed by an
immediate incline (almost no constant velocity during the
120�C 1 h soak), unlike the two loose carbon plates that
have constant velocity during this phase before an
increase during the natural cooling stage. The thicker
and larger aluminum plate takes more time to reach
120�C homogeneously than the loose thin CFRP plates.
Thus, the relatively low values for the Tg onsets men-
tioned for the two materials above are understandable
since they were previously semi-bonded to the Aluminum
plate during their first cycle monitoring (during their
cure).

The voltage curves on the other hand show that the
curves of the two woven CFRP plates are distinct with
an unusual trend after min 300 (start of second ramp).
Unlike the decrease in voltage seen in ALact � ALsen and
UNIact � UNIsenloose paths during this ramp, the two
woven plates show an incline in voltage followed by a
peak then a decrease leading to the regular trend that
the other two curves present after the end of the second
soak. This phenomenon present only in woven CFRP
plates can be due to the different service temperatures
set by the manufacturer to each XC130 and XC110
prepreg material (the difference is mainly in the epoxy

resin): the service temperature for the XC130 (unidirec-
tional one) is 130�C while it is 115�C for the XC110
(woven one). When getting close to the service tempera-
ture of the woven CFRP plate and then exceeding it,
the resin inside the plate can behave differently and
react with the glue that is attached to the PZTs, hence
the increase in the voltage during this time. Notice that
in the WOVENact �WOVENsenbonded voltage curve, this
phenomenon is shifted to the right, this is explained by
the previous velocity curve analysis: the shift is due to
the aluminum taking longer to reach the program tem-
perature. Just as discussed with the Aluminum plate
case, the effect of the Lamb wave propagation in the
CFRP cured plates is intact in terms of velocity but is
not in terms of voltage. The voltage behavior is
explained by both Tg and service temperature effects
and is still distinct from the previous original cure mon-
itoring analysis, hence the latter is still viable after this
investigation. The next section will discuss the feasibil-
ity of trimming the cure cycle and monitoring it via the
same proposed system.

4. Sensing feasibility of the proposed
system

To validate the previous findings, a change in the curing
cycle was made, especially since a reduction of the time-
line required for the production and assessment of car-
bon fiber composites is needed in an industry where
manufacturing processes do not provide fast enough
cycle time to meet metal alloy processes. To test the pos-
sibility of trimming the cure cycle, another experiment is
carried out involving the same XPREG XC110 woven
carbon fiber prepreg. Very similar to Section C from the
previous woven CFRP experiment, this ‘‘cycle time
reduction’’ experiment involves the same layup and the
same re-usable PTFE-PZTs sandwich sensing film.

The modification in the cycle should be in the longest
soak period which is the 4 h soak at 70�C, especially
since the cure parameters, as deduced earlier, were

Figure 14. (a) Group velocity and (b) voltage of A0 mode generated and received along different already-cured material.
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present in the second ramp and second soak stages fol-
lowing the end of this first (4 h) soak period. The aim is
to reduce this soaking period by 1 h making the total
time of the modified curing cycle 390 min instead of
450 min. The group velocity and voltage amplitude for
the dominant A0 mode for this 3 h soak experiment were
analyzed and compared to the results of the previous
experiment, as shown in Figure 15. Both curves follow
the same trends, however, the 1 h shift between them is
noticed after the first soak at 70�C is finished. The vitri-
fication point is more reliably taken from the velocity
curves while the minimum and maximum viscosity (gela-
tion) points are better determined from the voltage
curves. As seen, the three points are shifted exactly by
60 min earlier in the new experiment: vitrification mov-
ing from 365 min to 305 min, full gelation from 335 min
to 275 min, and minimum viscosity (always at the end
of the long soak) from 300 min to 240 min.

Although the trends of these curves shown are simi-
lar, the range of values differs slightly. The velocity curve
in the new 3 h soak begins at a slightly lower value than
its 4 h soak experiment velocity curve and then after
20 min, it surpasses the latter for the rest of the cycle.
On the other hand, the amplitude of this A0 mode in the
3 h soak experiment is always lower than that in the 4 h
soak experiment. This could be due to a slight difference
between the two experiments in either the layup, the
amount of silicone release agent between the layup and
the aluminum plate, or even the bonding between the
sensing film and the layup. Besides these minor differ-
ences, the proposed system seems to function properly
when monitoring the cure of the carbon fiber laminates
regardless of the curing cycle tested.

5. Conclusion

In this paper, a reusable flexible thin film of PTFE
material was viably used to monitor the curing cycle of
two composites: unidirectional and woven pre-

impregnated CFRP laminates. First, the best material
for the sensing film was chosen by eliminating candi-
dates from both bonding and signal transmission
experiments. Then, Skived PTFE was used as a sensing
film by having sandwiched two disc-shaped PZTs
inside. Using this film, identification of important cur-
ing parameters such as gelation and vitrification points
was done through the analysis of the group velocity
and the voltage curves of the generated fundamental
Lamb wave modes (mainly the dominant mode A0 at
the used 70 kHz frequency) with the help of the alumi-
num plate placed below the laminates creating a bond
during curing that allowed the monitoring during the
liquid phase to be easier. After proving its reliability in
terms of cure cycle monitoring, the film was used to
monitor a trimmed cycle by 1 h for the woven prepreg
and prove that the cure parameters stayed intact.
Further studies are required to analyze the behavior of
Lamb waves when PTFE layers are present on both
sides of the composite plates separating it from the alu-
minum base plate. Also, more development can be
made to further optimize the curing cycle by cutting
down more time and enhance the composites industry
by making the manufacturing process faster and reduc-
ing waste. The system will also be used in future work
to monitor in real-time any induced manufacturing
defects within the manufactured part while curing.
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