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Abstract
Advanced carbon fiber composites are renowned for their great tenacity as, although being thin, they provide great
strength, keeping structures light in weight. The composites industry struggles with longer cure times when compared to
other traditional material production. In this study, a computational model for a carbon fiber reinforced polymers (CFRP)
plate is developed to imitate experimental monitoring of its cure cycle and degree of cure. The CFRP storage modulus is
measured during the curing cycle with the aid of dynamic mechanical analysis, and its trend is incorporated into COMSOL
combined structural and electrostatics multiphysics to replicate the same mechanical fluctuations during oven curing. Then,
Lamb waves are excited and sensed via sandwiched piezoelectric transducers in a reusable Polytetrafluoroethylene sensing
film to monitor the structural health of the structure. Minimum viscosity, gelation and vitrification are cure parameters
observed from analyzing voltage and velocity curves of the A0 mode of the sensed signal. The cure cycle is trimmed, and the
same cure parameters are shown offset by the 1 h deducted, proving that the numerical model is valid. Further analysis of
the numerical voltage and velocity curves suggests an additional cure parameter defined as “gelation initiation” when
compared directly to the experimental trends. Additionally, the decomposition of different wavefield modes is scrutinized
to describe their scattering throughout the layered structure. Results show a new entrapped antisymmetric mode ap-
pearing inside the CFRP laminate at the start of the cure, which suggests that the previously studied A0 mode had been
initially converted from the CFRP S0 mode.
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Introduction and background

Although carbon fiber reinforced polymers (CFRPs) have
been used in many applications such as vehicles structures,
wind turbine rotor blades, basic construction, and many
sports and musical equipment, there are still many industries
that these composites can infiltrate into with enough re-
search.1 However, the main problems with the composites
industry that limit the fabrication are the long curing cycles
and post-cure processing and finishing requirements when
compared to traditional metal materials.2 These curing
cycles are often provided by the manufacturers with an
unwanted large safety factor that if reduced, can lead to
faster manufacturing of CFRPs which innately makes them
more popular with many industries.3 Hence, the need for
advanced methods to monitor and evaluate the curing
process of carbon fiber composites is growing. In our
previous work, we designed and implemented a reusable

system that successfully monitored in-lab composite
structures during curing using ultrasonic waves.4 Then, the
same system was used for effectively reducing the cure
cycle time of a weaved CFRP without affecting its me-
chanical and thermal properties when fully cured.5 In this
work, we create a finite element computational model that,
when paired with small scale experimental dynamic me-
chanical analysis, monitors the curing cycle of CFRP
structures through guided Lamb waves.
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Cure monitoring is any established process during which
a designated material property is measured to evaluate the
degree of cure. Typical monitoring techniques for resin
curing consist of dynamic mechanical analysis (DMA),
thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), rheological analysis, emergent dielectric
analysis (DEA), etc.6 These in-lab methods provide crucial
information about the cure of thermosetting polymers such
as glass transition temperature (Tg), resin viscosity flow,
formation of gel and overall crosslinking, resulting in de-
gree of cure monitoring.7 Braun et al. analyzed molecular
processes of an epoxy resin during curing using Fourier
transform infrared (FTIR) by DSC and TGA.8 Sawicz-
Kryniger et al. recently compared and evaluated the per-
formances of Fluorescence probe technique (FPT), DSC,
and FTIR in real time epoxy cure monitoring.9 Kister and
Dossi established a baseline study for cure monitoring
CFRP composites inside a DMA machine in a single
cantilever setup.10 They cured a unidirectional carbon/
epoxy at three different frequencies and labelled several
curing parameters including matrix softening, gelation,
vitrification, and solidification of the composite. On the
other hand, Bilyeu et al. combined DSC and DMA to
construct the time temperature transformation diagram for
an epoxy glass FRP.11 The three-point bending setup en-
abled them to find vitrification peak more clearly in the tan
delta graph compared to the storage modulus. Moghaddam
et al. designed and embedded microscale interdigital ca-
pacitive sensors within glass FRP composites to monitor its
curing.12 These small size sensors barely affect the me-
chanical performance of the final cured product while
maintaining good DEA readings throughout the curing
process due to their flexibility and high temperature re-
sistance. With the exception of the different DEA tech-
niques, the mentioned methods are usually limited to setups
within labs or are applicable only on small scales. Industrial
production require more feasible methods to monitor their
processing on larger scales. Thus, in recent years, several
polymer cure monitoring methods that can also be applied in
industry emerged because of their feasibility. Roberts and
Davidson used fibre optical sensors to measure electrical
resistance measurements and dielectric impedance changes
during curing.13 Ultrasonic measurements by transmitting
and receiving elastic waves were also studied to read
sensitive information about the material changes during the
curing process.14 Several studies involved bulk waves to
characterize the resin curing on its own since these waves
can be correlated directly to the evolving modulus and
density of the material.15 Longitudinal and shear moduli are
directly proportional to the density and the square of lon-
gitudinal and shear wave velocities, respectively. Then, one
can also calculate the Young’s modulus and Poisson’s ratio
by simple linear equations relating the latter two properties
to the longitudinal and shear moduli.16 This is why these

waves are of interest, since the reading of their velocities
and attenuation gives knowledge about material stiffness
and viscosity, respectively. The evolution of these me-
chanical properties during curing thus offers good esti-
mation of the degree of cure.17,18 This simple correlation
only applies in isotropic material like pure resins andmetals,
whereas in complex orthotropic material like the studied
CFRP composites, more multifaceted waves are needed.
Pavlopoulou et al. used an empirical mode decomposition to
successfully monitor the cure level of a laminated composite
after transmitting guided Lamb waves through the plate.19

Lionetto and Maffezzoli20 and Hudson and Yuan21 deter-
mined the onsets of gelation and vitrification of composites
cure using Lamb waves. The former study used air-coupled
transducers while the latter relied on contact piezoelectric
ceramic transducers (PZTs) and analyzed the antisymmetric
A0 mode. These cure onsets are essential parameters in
determining the curing phase.

Numerical modeling was adopted long before the
emergence of user-friendly commercial finite element
softwares to optimize the experimental costs both in re-
search and industry before manufacturing. Computational
studies of polymer cure monitoring can be divided into two
main categories. The first is examining the chemical re-
actions that are initiated by heat, affecting the degree of
cure, and studies the cycles for more optimized cure.22 The
second category focuses on developing predictive visco-
elastic models that use experimental validation to forecast
the changes in mechanical behavior during resin or polymer
composites curing.23 Anandan et al. used COMSOL
Multiphysics to characterize a cure cycle for a CFRP
composite.24 They obtained cure constants through DSC
experiments and combined a chemical cure kinetics module
with heat transfer module in the software to change the
second soaking stage into a minor ramp with a different
initial temperature. Garschke et al. also studied the curing
kinetics parameters by DSC and exported the results to a
developed model that simulates the heat diffusion of the
cure cycle.25 Their model was also used to predict viscosity.
Behzad and Sain also used COMSOL to simulate the curing
process of a natural fiber composite and predict the tem-
perature profile by validating experimentally.26 Then, they
used the same model for predicting the cure of a more
complex three-dimensional automotive mirror casing part.
On the other hand, Dai et al. used the same two modules in
COMSOL with an added mechanics module which enables
the use of viscoelasticity.27 By doing so, they predicted the
residual stresses for a composite plate during curing and
compared the results to a modified viscoelastic CHILE
model. Zheng and Zhang decomposed the use of visco-
elasticity within COMSOL by manually adding a structural
relaxation study to the available Williams-Landel Ferry
(WLF) stress relaxation shift function.28 Patham also
compared his cure-time-temperature superposition
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viscoelastic model in the same software to a regular elastic
model to see the differences in stress residuals on con-
strained resin during curing.29 Yoo et al. was one of the rare
studies that implemented experimental DMA storage
modulus results into a finite element method (FEM) soft-
ware to compare the cure parameters onsets numerically and
experimentally.30 They implemented the storage modulus
curves of DMA curing into ABAQUS and measured the
strains using dielectrometry sensors. They identified the
liquid, rubbery, and solid phases along with gelation and
vitrification points in both numerical and experimental
studies. Then, they used their validated computational
model to simulate the curing of a wheel rim made of the
same CFRP composites. To our knowledge, no studies were
found to apply this principle of importing modulus changes
into an FEM software to simulate the curing of composites
via guided Lamb waves. Similar to the latter study, our work
does not take into consideration the curing kinetics nor the
viscoelastic response of the cured material since that would
add much more physics modules resulting in too many
degrees of freedom and extensive simulation time. Also, the
chemical cure kinetics and the viscoelastic modules require
DSC and stress relaxation experiments, respectively, to find
certain parameters and constants, which would make this
study unrealistically broad.

Reducing the manufacturing time is crucial to the
composites industry as it would reduce costs and increase
production.31 This is why it is essential to try shortening the
curing cycle of the used CFRP while maintaining its me-
chanical and thermal performance. The cure cycle trimming
may even optimize the crosslinking process and reduce the
deterioration of cure as most manufacturers provide cycles
that have high safety factors which makes for unoptimized
final cured product.32 The focus of this paper is to com-
putationally monitor the curing of a CFRP plate using Lamb
waves while having the cure cycle shortened. Lamb waves
are transmitted and read by PZTs sandwiched between two
skived Polytetrafluoroethylene (PTFE) layers. This flexible
sensing system adheres temporarily to the CFRP prepreg
during curing and can be reused, thus also reducing con-
sumables waste and expediting the setup in subsequent
experiments. PTFE, commercially known as Teflon, is
usually used as artificial delamination between the com-
posite laminas.33 It is the optimummaterial for enclosing the
PZTs because of its chemical inertness and high temperature
withstanding. Also, its acoustic impedance is similar to that
of epoxy resins, which is ideal for wave propagation
considerations.

This paper first introduces the fundamentals of guided
Lamb waves and shows the experimental setup and analysis
of ultrasonic cure monitoring and cycle shortening of a
woven CFRP composite. Then, the DMA curing results of
the same composite are shown through storage modulus (E0)
curves at different frequencies. These curves are extracted

and implemented into COMSOL Multiphysics FEM soft-
ware for both the original and the shortened curing cycles.
Two modules are used to create the piezoelectricity effect in
the software. After optimizing the model for both solver and
mesh size, the parametric sweep results are shown in form of
signal comparison for both cycles to their experimental
counterparts. Also, the numerical velocity and amplitude
curves are extracted for each cycle. Finally, the viability of
this computational method is discussed by comparing nu-
merical and experimental results and showing the advan-
tages and limitations of this study.

Experimental testing

Fundamentals of lamb waves

In the early 20th century, Horace Lamb demonstrated that
elastic waves, existing in infinitely-long thin solid media,
reflect on the upper and lower boundaries to propagate and
separate into two groups of wave modes: symmetrical (S)
and anti-symmetrical (A).34 These waves are now termed
after his name and have complex properties depending on
many factors including plate thickness, excitation fre-
quency, wavelength, etc.35 Although both symmetric and
anti-symmetric Lamb wave modes are constituted of mixed
longitudinal and shear vibrations, the former can be sim-
plified by a longitudinal wave motion whereas the latter can
be approximated as a bending wave. Their propagation
characteristics vary with the excitation type, angle, and the
structure shape itself. The following equations describe the
motion of Lamb waves inside a linear elastic isotropic thin
plate that is unbound in the x and y directions:
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where γ represents the S and A wave modes for values of
0 and π/2 respectively, h is the plate’s finite thickness, k is
the wave number, ω is the angular frequency, CL and CT are
respectively the longitudinal and transverse velocities of the
bulk material.

Since Lamb waves are theoretically present in semi-
infinite plates, “guided Lamb waves” is a more practical
term to identify Lamb-like waves that are excited in finite
thin plates and cylindrical structures.36 Guided waves have
been used in many non-destructive testing (NDT) appli-
cations to assess the structural health of metallic and non-
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metallic structures. After excitation, they propagate rather
predictably and have high sensitivity to any type of damage.
Easy data collection, material properties prediction, and
precise damage localization are some of the reasons that
made these waves a reliable substitute to traditional NDT
tools.37 For example, Harb and Yuan identified delamina-
tion and assessed impact damages in composite CFRP
laminates using a fully non-contact system made of air-
coupled transducers which transmit and receive a basic
antisymmetric A0 Lamb wave mode.38 Fakih et al. studied
the plastic deformation influence in friction stir welded
aluminum plates joint on the propagation behavior of
guided Lamb waves to assess any discontinuity in the
material within the weld region.39

One major characteristic of Lamb waves is their dis-
persion: the velocity of each propagating mode is not
constant but dependant on the excited frequency. For a
woven 1 mm – thick CFRP plate, a frequency range be-
tween 50 kHz and 300 kHz abridges the propagating sets of
Lamb waves to only the first symmetric and asymmetric
modes: S0 and A0, yielding simpler signal processing and
mode identification. Typical dispersion curves show that S0
is faster than A0 at these low ultrasonic frequencies. As the
frequency increases drastically, both modes converge into a
steady speed that is identified as a Rayleigh-Lamb wave
velocity, which is close to the speed of sound of the ma-
terial.40 Also, these modes propagate with different dis-
placement amplitudes that also vary versus frequency,
making one of the modes more dominant over the other
depending on each excited frequency, regardless of their
speed. Figure 1 shows the experimental (a) tuning and (b)
dispersion curves of a fully cured woven CFRP laminate
consisting of 3 layers of out-of-autoclave XPREG
XC110 woven prepreg [0/90/0] and that has a final thickness
of 1 mm. The tested frequency range is between 10 and
400 kHz. In Figure 1(b), the group velocity of S0 fluctuates
between 5500 and 6500 m/s whereas the A0 velocity as-
cends from 600 to almost 1300 m/s before its amplitude
drastically diminishes and the mode disappears at 150 kHz.

In Figure 1(a), A0 is clearly dominant up to a frequency of
100 kHz where S0 becomes prevalent after that. The
symmetric mode has an amplitude peak at 330 kHz whereas
the voltage peak for A0 occurs at 70 kHz. The latter fre-
quency is chosen to excite the CFRP laminate during the
cure monitoring experiment due to many factors. First, A0 is
at its highest respective strain compared to S0, so not only is
A0 dominant at this frequency, but the highest difference
between the two voltage curves occurs at this point. The
decision to work with A0 also derives from the fact that the
anti-symmetric mode propagates in an out-of-plane manner
along the moving path, thus it is more suitable for the
propagation through the thin PTFE film and into the CFRP
composite and the aluminum tooling plate. Whereas the S0
mode, propagating in-plane, severely attenuates when
moving from one material boundary to another in the
z-direction.

Cure monitoring

To monitor the cure of the discussed CFRP prepreg, a
vacuum bagging setup inside the oven shown in Figure 2 is
attached to a real time monitoring system. Two disc-like
PZT-5J transducers (0.5 mm thick, 7 mm diameter, 320°C
Curie temperature) are sandwiched by 0.25 mm thick
Skived PTFE layers. This sensing film is in direct contact
above the CFRP laminate. During vacuum, it adheres
temporarily to the laminate, and debonds easily after full
curing. This brief adhesion yields enough wave propagation
to go through inside both the laminate and the tooling plate.
The latter is sprayed with a silicone release agent so that the
CFRP does not glue to it. This creates a PTFE-CFRP-
Aluminum path for the signal to go through while the
cure process occurs. The CFRP laminate and the PTFE films
are 220 × 350 mm2 in width and length, respectively. The
distance between the PZTs inside the PTFE is 240 mm along
the 0° direction of the fibers and centered along the 90°
direction. The curing cycle set by the manufacturer is as
follows: temperature ramps up from room to 70°C in

Figure 1. (a) Tuning curves showing voltage amplitude of each mode versus frequency, and (b) dispersion curves showing group velocity
of each mode versus frequency, both for the cured 1 mm-thick woven CFRP plate.

1686 Journal of Composite Materials 57(9)



50 min, the part soaks at this temperature for 4 h, tem-
perature ramps up again to 120°C within 25 min, the part
soaks for 1 h, and then cools naturally.

The described sensing film is connected, from the wired
and soldered PZT actuator to the amplifier which intensifies
the five-peak sinusoidal Hanning-windowed signal gener-
ated by the wave generator. The PZT sensor is connected to
an oscilloscope that records the travelling wave signal every
10 min. The cure cycle shortening is done by cutting 1 h
from the first soak period of the cycle because minimum
viscosity always occurs at the end of this long soak and the
other cure parameters are present after that. Thus, the total
time of the 3 h-soak cure cycle is 390 min compared to
450 min for the original 4 h-soak cycle. The monitoring
experiment is repeated for the new cycle and data for both
cycles are analyzed through the speed and amplitude of the
recorded A0 mode. Aggelis and Paipetis showed that ve-
locity is linked directly to the stiffness of the resin, while
viscosity relates to the attenuation of the propagating
wave.17 Thus, each one of these two studied wave pa-
rameters gives better indication about some cure parame-
ters, when compared to the other. Vitrification is more
effectively extracted from the velocity curves while the
minimum viscosity and gelation points are better deter-
mined from the voltage curves.20 Figure 3(a) and (b) show

Figure 2. Layup process of the CFRP composite along with the
described sensing film layers.

Figure 3. (a) Group velocity and (b) voltage amplitude of the recorded A0 mode from the experimentally tested CFRP laminates for
both curing cycles versus cure time.4 (c) Shows the cure cycle proposed by the manufacturer (4 hr-soak) and the shortened cycle
(3 hr-soak), during which the composite is put under vacuum pressure in an out-of-autoclave setup.
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the group velocity and voltage curves, respectively, for both
4 h-soak and 3 h-soak experiments. In Figure 3(b), mini-
mum viscosity of the composite appears at the maximum
before the start of the second ramp. At the following
minimum, for both cycles, full gelation occurs denoting the
presence of rubber in the polymer. During the following
ascent but in Figure 3(a), the change of slope denotes the
vitrification point. Comparing the two cycles together, all
three cure parameters are clearly shifted 60 min backward in
the 3 h-soak curves. Hence, this cycle time shortening does
not affect curing from an ultrasonic standpoint. Figure 3(c).c
shows both the original curing cycle (4 h-soak) and the 3 h-
soak shortened cycle versus cure time along with the
vacuum pressure applied during the process. It is of interest
to note that the temperature variation effects on the Lamb
wave signal are previously studied4 and the thermal effect
on the aluminum tooling plate shows that although the
voltage and velocity passing trough the sole aluminum are
affected by the heat ramps proportionally, they do not
change the three discussed cure points shown in Figure 3.

Dynamic mechanical analysis

To ensure that the cure cycle reduction did not affect the
mechanical performance of the fully cured CFRP by the
shortened cycle, DMA is used to compare mechanical and
thermal properties of the two curing cycles. The Tg and
creep testing results show that the properties of the 3 hr-soak
cured specimens are slightly better than those of the 4 hr-
soak specimens. The formers have a higher storage mod-
ulus, higher Tg (both onset and Tt), and even better fatigue
properties.5 After proving the feasibility of the cycle
shortening by DMA and tensile testing from that previous
study, DMA can also be used to monitor the change in
storage modulus during curing for both cycles. The trend of
this change will be extracted and implemented into the
computational model. Figure 4 shows the storage modulus
(E0) versus the cure time for the 4 hr-soak cure cycle inside
the DMA at four different frequencies. Each frequency test
is repeated at least five times and the curves shown are
averaged for each respective frequency. The averaged curve
of all frequencies is also shown in the figure. Curing is
performed using 30 × 10 × 1 mm3 woven CFRP specimens
of the same orientation as the cure monitoring experiments,
while implementing the same cycle ramps and soaks in a
single cantilever setup and recording data every second.

Higher and lower frequencies are not available to test at
the selected applied force of 2 N. Notice that if the 5 Hz
curve is neglected, the three other frequencies have a trend
such that the higher the frequency, the steeper the curve goes
downward in the liquid and rubbery states, and the higher it
reaches in the glassy state. However, the 5 Hz curve lies
between the 0.5 Hz and the 1 Hz curves for most of the
curing cycle, and below the 0.5 Hz curve after vitrification.

Nonetheless, it follows the same curve trend and yields the
same cure parameters. On the zoomed-in part of Figure 4,
the minimum viscosity point varies only 3 min between
299 min for the 1 Hz and 10 Hz curves and 302 min for the
0.5 Hz curve. The full gelation point varies 5 min between
314 min and 319 min. On the other hand, the vitrification
point is almost constant between 330 min for the 0.5 Hz and
5 Hz curves and 331min for the 1 Hz and 10 Hz curves. This
shows that these variations, although present, are minimal
and do not affect the average storage curve considerably.
This is why testing the 3 hr-soak cycle and comparing its
average E0 curve to the shown 4 hr-soak average curve is a
valid approach as the frequency variation is not respectively
significant. Note that the gelation and vitrification points
occur at previous times when compared with Lamb wave
results from Figure 3: gelation is at 315 min in the DMA
results compared to 335 min in the ultrasonics testing,
whereas vitrification is at 330 min compared to 365 min
(Figures 3 and 4, respectively). Also, the final storage
modulus in the average E0 curve reaches around 5 GPa,
where in reality, tensile testing of cured samples shows that
the Young’s modulus in the 0° direction is averaged at
51 and 56 GPa for the 4 hr- and 3 hr-soak cycles, re-
spectively. These two setbacks could be due to differences
in curing environment as there is no vacuum present in the
DMA chamber. The small specimen size affects the heat
transfer process compared to the large CFRP plate along
with all the added bagging consumables and aluminum
tooling plate in the ultrasonic cure testing. Also, the cyclic
loading and constant straining of the DMA specimens might
deteriorate the final mechanical properties and affect the
cure parameters. However, this is not a major concern as
these DMA curves are only compared to their ultrasonic
testing counterparts qualitatively.41

Figure 5 shows the extracted DMA curing results of the
averaged E0 curves for both 4 hr-soak and 3 hr-soak cycles
after amplifying the ascent in the rubbery and glassy regions
by a multiple of four. This is done to make the final modulus
of both curves higher and more impactful in wave char-
acterization within the numerical model in COMSOL. Note
that the modulus reaches higher values for the 3 hr-soak
cycle in the figure as expected and previously concluded
from tensile and DMA testing results.5 E0 reaches between
20 to 30 GPa in these curves but in reality, cooling inside the
DMA is proceeded for another 5 hours and the storage
modulus, after the same amplification, reaches 45 GPa for
the 4 hr-soak which is 88% of its real final Young’s modulus,
and 52 GPa for the 3 hr-soak which is 93% of its cured
Young’s modulus. Hence, this multiplication for the curves
gives a truer representation for mechanical properties inside
the cure monitored CFRP specimens than the actual DMA
curing storage curves. The importance lies in the qualitative
nature of the curve trends imported to the FEM software,
compared to the quantitative actual storage moduli data.
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Computational modeling

Material properties
In COMSOL Multiphysics FEM software, three different
blank materials are defined, and one PZT-5J material is
assigned from the software’s library for the two transducers.
Aluminum-1050 and Skived PTFE are defined as isotropic
material so that the solid mechanics module requires only
each of their Young’s modulus (E), Poisson’s ratio (v), and
density (ρ), while the additional electrostatics module re-
quires only the relative permittivity (εr). The material
properties for aluminum are found from literature whereas
the properties for PTFE are obtained from the manufac-
turer’s technical sheets. Properties for both of these mate-
rials are shown in Table 1 and are assumed to stay constant
during the curing cycle. These mechanical properties would
be affected by the elevated temperatures, but since it is
validated that this thermal effect on the PTFE and tooling
plate does not affect the cure monitoring of the laminates by
keeping the voltage and velocity curves’ slope changes

intact,7 and for the scope of this study, these properties are
considered stable throughout the cure.

The woven CFRP laminate is considered an orthotropic
material that has the final cured mechanical properties
shown in Table 2 for both cycles. The Young’s modulus in
the first direction (E1) is known from previous tensile
testing on specimens cured in each cycle.5 The modulus in
the planar 90° direction (E2) is considered the same as
E1 since this is a woven composite. The modulus in the
out-of-plane direction (E3) is taken as 10% from E1 and
E2 since it is also assumed to be close to the modulus of
epoxy. The remaining shear moduli and Poisson’s ratios in
all directions are obtained from literature by having these
properties proportional to E1 and E2. To make the analysis
simpler, Poisson’s ratios are assumed the same for both
cycles since not enough information is found about the
relationship between them and the moduli. The fully cured
density is calculated in-lab and the relative permittivity is
found from literature.42 The latter is assumed constant
throughout the curing cycle. The moduli and Poisson’s

Figure 4. DMA 4 hr-soak curing results for the woven CFRP specimens tested with the shown frequencies.
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ratios shown in the table are for the fully cured state in each
cycle. To implement the changes in these mechanical
properties during curing in COMSOL, a parametric study
is deployed on these variables where their values are stored
for each 5 minutes of the curing cycle. This is done by
segmenting the previous DMA E0 average curves from
Figure 5. Then, E1 and E2 for each cycle are considered to
have the same values as the averaged E0 moduli throughout
the cycle. Figure 6(a) shows the values of E1 and
E2 implemented into COMSOL for the 4 hr-soak cycle.
The remaining moduli E3, G12, G23, and G13 have the
same cure curve trend as Figure 6(a) but the values are
proportional to their final cured state from Table 2. For
example, the curve for the implemented E3 modulus for the
4 hr-soak cycle is the same as in Figure 6(a) curve but
divided by 10.

As for the Poisson’s ratios v12, v23, and v13, the
proportionality is applied with regards to the fully cured
values in Table 2. However, their trends do not follow the
same averaged DMA storage curve since during the
consolidation of the epoxy resin in the first soak period,
Poisson’s ratio is usually elevated near an incompressible
fluid value of 0.5 instead of having a decrease. The
rubbery and glassy regions in the curve trends are ad-
justed to fulfill several claims about the Poisson’s ratio
during curing for an epoxy resin since v23 and v13 are
mainly very similar to the isotropic Poisson’s ratio of the
impregnated epoxy within the composite. According to
Saseedran et al., experimental evidence shows that the
viscoelastic Poisson’s ratio in the rubbery region can be
assumed approximately 0.5 for epoxy resins.43 Obrien

et al. states that the Poisson’s ratio reaches equilibrium
where v = 0.4925 when the shear relaxation modulus fall
below a certain value.44 Since in the scope of this study,
viscoelasticity is not considered for the main studied
model, linear elastic Poisson’s ratios are considered for
v23 and v13 to be just below 0.5 at full gelation and
decaying logarithmically until reaching a value slightly
higher than that of the fully cured composite.45,46 The
final trend implemented in COMSOL for these two
Poisson’s ratios for the 4 hr-soak cycle is shown in
Figure 6(b). The v12 trend is the same but proportional to
its final fully cured value of 0.05. Due to the chemical
shrinkage rise from 0 to almost 6% after full curing,47 and
the expansion of epoxy due to the heat cure cycle, the
density of the curing CFRP is estimated to have a
maximum change of 5.8%. It is measured in-lab before
the start and after the end of curing, and its curing trend
seen in Figure 6(c) is based on several statements from
literature such as the density of a curing epoxy being
maximum at partially cured state.48 It is also based on the
combination of the thermal expansion effect and the
chemical shrinkage versus degree of cure curve trend.
Thus, the density here slightly increases at the start of the
cycle, knowing that the thermal expansion would lead to a
decrease, but this latter effect is considered minor when
compared to the actual chemical reaction. It rises again
during the second heating phase until reaching a maxi-
mum during the rubbery phase. After full gelation, it
starts heavily decaying before a slope change is noticed
just prior to vitrification. After that, it diminishes loga-
rithmically until reaching a final cooled fully cured stage
of the CFRP.

Combined modules and numerical solving

The piezoelectric effect in COMSOL is enabled by com-
bining two physics: structural solid mechanics and elec-
trostatics. The former is governed by the displacement
parameters in all three directions whereas the latter is
controlled by the voltage calculated from electric dis-
placement field equations. To assign the “Piezoelectric
Devices”, a Piezoelectric Material tab is inserted for both
physics and the two transducers are selected so that the
electrical signal can be measured exclusively by their
volume. Two Linear Elastic Material tabs are added under
solid mechanics. One for the two isotropic materials present
and the other for the orthotropic CFRP. Under electrostatics,
the upper surface faces of the two PZTs are selected as
Ground with zero electric potential, and the lower face of the
actuator PZT is designated as the Electric Potential from
where the wave is fed and transmitted. The latter is a five-
peak sinusoidal Hanning-windowed signal that represents
the experimentally actuated wave and is approximated by
the following equation:

Figure 5. The amplified DMA storage modulus average curves
for both cycles that are implemented into the computational
model.

Table 1. The required properties in COMSOL for the present
isotropic materials.

E (GPa) v ρ (kg/m3) εr

Aluminum-1050 70 0.33 2700 1
Skived PTFE 0.55 0.46 2200 2.1
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where fc is the excited central frequency of 70 kHz, t is the
time in seconds, flc2hs is a smoothed Heaviside step
function with a continuous second derivative without
overshoot, and C is a multiplication factor that one can vary
until reaching the desired voltage amplitude. In this case, C
is equal to 41 so that the peak to peak voltage reaches a value
of 160 V, mimicking the experimental actuated value. The
number of peaks in the Hanning-windowed signal is de-
termined by the number 5 in equation (4), changing this
number would change the number of peaks present in the
transmitted sinusoidal signal.

The model’s geometry is created by building five blocks
(three for the laminate) and two cylinders to represent the
plates and PZTs, respectively. As shown in Figure 7, the three
CFRP laminas lay on top of the aluminum tooling plate. The
Skived PTFE film lays above the composite and is grooved to
embed two circular PZT transducers that are capable of
transmitting mechanical and reading electrical signals along
the x-axis. This model is scaled to the actual geometry size of
the experimental setup. The vacuum bagging consumables
should have little to no effect on the wave propagation, thus
they are not included in the model. There is no boundary
conditions on the plate, as it is assumed to be floating in void
since we are testing for Lamb wave excitation analysis, and
fixating a surface would not be ideal for this application.

Figure 8 shows the fully meshed model and a zoomed-in
scrutinized area around the actuating PZT. The cylindrical

Table 2. Final cured state CFRP mechanical properties for each cycle.

E1 (GPa) E2 (GPa) E3 (GPa) G12 (GPa) G23 (GPa) G13 (GPa) v12 v23 v13 ρ (kg/m3) εr

4 hr-soak 51 51 5.1 7.0 4.0 5.0 0.05 0.38 0.38 1800 20
3 hr-soak 56 56 5.6 7.7 4.4 5.5 0.05 0.38 0.38 1800 20

Figure 6. Segmented DMA results that are implemented into COMSOL for a parametric study on the mechanical properties of the
woven CFRP. (a) Shows E1 and E2 for the 4 h-soak cure cycle segmented directly form the averaged E0 curve, (b) shows the v23 and v13
curves for the 4 hr-soak cycle based on literature and adjusted proportionally for the rubbery and glassy regions from their fully cured
value, and (c) shows the density fluctuations during curing based on chemical shrinkage variations.
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transducers are meshed with free tetrahedral elements since
this is an area of interest and the mesh density needs to be
relatively high. At some distance from the two PZTs in the x
and y-directions, the plates are mapped with quadrilateral or
rectangular elements on one surface and extruded
throughout the thickness, thus resulting in hexahedral el-
ements for most of the geometry. At the vicinity of the two
PZTs, a transition region between the two element types is
mapped on its top surface with triangular elements and
extruded to result in prism elements. This is done to ef-
fectively connect the nodes in-between the hexahedral and
tetrahedral elements. As for the sizing, the physics-
controlled setting is set to “extremely fine” mesh size,
but that still does not give sufficiently small “maximum
elements” within the geometry to correctly solve for the
wave propagation. When modeling elastic Lamb waves, the
mesh density or maximum element size has to be dependent
on the phase velocity of the slowest propagating mode,
which in this case, is the A0 mode. Usually, an appropriate
maximum element size should not be larger than the tenth of
the smallest wavelength.49 The latter is simply the A0 mode
velocity found from the experimental signals divided by the
excited frequency. For this model, the wave travels into
many media, especially CFRP and aluminum, which both
affect the wave mode separation and speed of the trans-
mission. Thus, mesh size iterations are performed to study
the mesh convergence rather than using the previously
stated method. Results show that the ratio for wavelength
over the maximum element size of 7.75 is sufficient for the
first received A0 mode packet, which is the focus of this
study, to converge. The value of the mentioned ratio cor-
responds to a maximum element size of 3 mm. If the latter is
reduced, the studied wave mode packet for the compared
signals would match exactly at the peaks by both amplitude
and time, and would no longer change. Thus, it is com-
putationally optimal to use this size.

To optimize the study and its computation time, the
choice of the best solver for the current time dependant

model is crucial. Multifrontal massively parallel sparse
direct solver (MUMPS) is the default solver in COMSOL
for the current physics used. Many users advise to use the
parallel direct solver (PARDISO) for this kind of applica-
tion. Both softwares solve large systems of linear equations
on multicore processors thus distributing the allocated
memory.50 Another important factor to consider is the time
step method used. Generalized alpha is the default transient
stepping method in COMSOL. Backward differentiation
formula (BDF) is another implicit time stepping method
used. The latter is more stable and can be used for several
purposes compared to the generalized alpha method, but
concurrently generates more damping.51 BDF is more ro-
bust and accurate for large step sizes used because it tends to
smooth out any sharp gradients in the solution. This is not
always desirable especially if the time step size is small
enough to give accurate solution by itself. A brief com-
parison is made to test each solver with each step method by
solving for the established mesh and an arbitrary cure time
for the study. The computation time is shown in Table 3 for
each solver-time step method used. Since all four waves
from each simulation produced the exact same signal, the
combination that yields the shortest solving time is chosen
to solve for the current study: PARDISO – Generalized
alpha. Unchecking the “Bunch-Kauffman pivoting” matrix
factorization option generates a lower final computation
time of approximately 79 min per one cure data point.

Finally, a parametric sweep tab is included in the study to
account for the changes during curing in all nine listed
CFRP mechanical properties. This is done for each cycle
separately. Since the 4 hr-soak and the 3 hr-soak cure cycles
are respectively 450 min and 390 min long, and the data is
segmented to simulate cure data points each 5 minutes, a
total number of 91 simulations for the 4 hr-soak cycle and
79 simulations for the 3 hr-soak cycle are needed. The time-
dependent study is solving for a signal propagation time of
300 µs in each simulation, which is sufficient to receive the
A0 mode in all the curing stages. The time step interval is

Figure 7. Geometry created using the aided design within COMSOL. The parts are spaced from each other in the z-direction only for
the purpose of demonstration in this image.
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taken from experimental sampling and is 0.42 µs. The
importance of a parametric study is that the model runs only
once for each cycle. All the data points are solved where
each one data point simulation takes about 80 min, and the
stored solutions are available for visualization and pro-
cessing at the end of all simulations. Figure 9 shows a
simple algorithm that summarizes the major steps taken
before reaching valid numerical results from this compu-
tational model. This figure reviews all the previous nu-
merical model discussions.

Figure 8. The fully meshed model with a maximum element size of 3 mm. There are 4443, 10,432, and 39,756 tetrahedrons, prisms, and
hexahedrons, respectively present in the model, totaling at around 55E + 3 elements.

Table 3. Comparison between the computation time of each
‘solver - step method’ combination.

Solver - step method Solving time

MUMPS – BDF 99 min 06 s
MUMPS - Generalized alpha 87 min 12 s
PARDISO – BDF 95 min 31 s
PARDISO - Generalized alpha 84 min 22 s
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Results

At any spatial point inside the cylindrical volumes of the
piezoelectric materials, the transmitted mechanical wave
can be transformed back into an electrical signal that can be
read in Volts. The signal is read at the center of the sensor
PZT, meaning at the midpoint of the axis of the cylinder.
This imitates the averaging of the signal from the whole
PZT during experimental testing. First, we compare results
for the fully cured CFRP with and without the inclusion of
the PTFE film, as shown in the signals of Figure 10. The
amplitude of the signal is clearly affected when adding the
PTFE layer beneath the PZTs. This damping, although
clearly visible, does not greatly distress the shape and speed
of the first received wave mode packets. The boundary
reflections, also shown in Figure 10, are of no interest in the
current study. The obtained group velocity of the A0 mode is
2671 m/s without the PTFE and 2552 m/s with the PTFE.
This is calculated by dividing the distance between the
transducers (240 mm) by the time-of-flight between the
actuator signal and the studied A0 mode wave packet. The

third peak of the wave packet is the one considered for time-
of-flight calculations as it is the highest in the five-peak
sinusoidal signal generated. From previous work, we know
that the group velocity of the A0 mode in the aluminum
tooling plate is 2735 m/s at 70 kHz which is very close to the
speed of A0 mentioned in this case.4 Since the wave is
propagating inside both the CFRP and the aluminum tooling
plate, the received signal is affected by their overlap and the
velocity of the recorded A0 mode is thus altered. Knowing,
from the woven CFRP dispersion curves in Figure 1, that the
CFRPA0 group velocity at 70 kHz is around 1500 m/s, it is
concluded that the wave modes are dominated by the
tooling plate and the fluctuations inside the CFRP during
curing vary the speeds accordingly.4

Figure 11 shows the comparison between experimental
and numerical raw data points at two different cure times.
Figure 11(a) compares the results for the 3 hr-soak cycle at
10 min which refers to the initiation of the first cure ramp
(still at room temperature). The S0 mode is barely recorded
in both signals and the electromagnetic noise, which mimics
the actuated signal, is even replicated in a good manner due

Figure 9. An algorithm showing the steps taken before and during solving the computational model.
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to the accuracy of the dielectric constant of CFRP in the
model. As for the studied A0 packet, all the peaks fit the
experimental signal, so the group velocity is the same. The
numerical signal is attenuated slightly more than its ex-
perimental counterpart, but the difference is minor. The
second packet, where the reflections from the upper and
lower aluminum plate boundaries assemble, deviates more
from the experimental signal but is still distinguishable.
Beyond this reflection, the experimental signal is very
damped mainly because of the vacuum bagging tape seen in
Figure 2. Thus, the numerical signal has higher peaks for the
boundary reflections, but these packets are not of in interest
in our study. Figure 11(b) shows the last cure data point in
the 4 h-soak cycle experimentally and numerically. The first
received A0 packet also has the same group velocity as the
peaks align but the experimental signal is more damped than
the numerical one in this case, which makes more sense
giving that the material attenuation is not accounted for in
the computational model beyond the software’s code. De-
spite this difference in attenuation, we can say that the
numerical model gives good representation for the exper-
iments, especially knowing all the simple mechanical as-
sumptions taken in the model.

Signals obtained from the simulations of the 4 hr-soak
and 3 hr-soak cycles are all analyzed by recording the
group velocity from the third peak of the A0 mode and its
voltage amplitude at that peak. The resultant group ve-
locity and voltage curves versus FEA cure time are shown
for both cycles in Figure 12. Compared to results of
Figure 3, the same overall curve trends can be observed
except for the clear decline in the voltage curves in
Figure 12(b) after the ascent in the rubbery region, whereas
in Figure 3(b) the voltage acts the same as the group
velocity by increasing with a changed lower slope. This
can be the effect of the assumptions made on Poisson’s
ratios during this curing period that are implemented inside
the numerical model. To make sure that this is not the case,
a brief sensitivity study is performed on the model where
the Poisson’s ratios are kept constant throughout the cure:
the voltage analysis show the same diminishing factor

post-vitrification, thus, the numerical model is not highly
dependent on this particular parameter. The minimum
viscosity maxima sit at the same time numerically and
experimentally for each cycle, which is at the end of the
first soak. However, the gelation and vitrification points are
shifted backwards in the numerical results and appear
faster than in the experiments. This is expected since the
mechanical properties in this model are imported from
DMA results which have the same shift in these two cure
parameters as discussed in the Dynamic mechanical
analysis sub-section. However, when comparing the nu-
merical results for the 3 hr-soak and 4 hr-soak cycles to
each other, the parameters are still 60 min apart just like the
cycle shortening outcome from the experimental analysis,
proving that the numerical method operates effectively by
monitoring a CFRP laminate during curing using minimal
mechanical property knowledge. In the next section, the
variation in gelation and vitrification timing between ex-
perimental and numerical results is scrutinized further.

Discussion

Lamb wavefields

One benefit from building a computational model for Lamb
wave generation is to visualize the propagation of different
modes within the structure. This gives further credibility to

Figure 10. Computational signals for the fully cured state of the
4 hr-soak cycle with and without PTFE film.

Figure 11. Comparing numerically computed signals from
COMSOL to raw experimental data. (a) Shows the start of the 3hr-
soak cure cycle, and (b) shows the end of the 4hr-soak cure cycle.
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many experimental statements such as identifying modes and
is extremely helpful when dissecting the boundary and
damage reflections. Since the wave generated inside the
plates is mechanical, it is more desirable to see its speed as it
gives better representation than the electric voltage. Different
wave mode types propagate differently as discussed in the
Experimental testing section. The symmetric S0 mode
travels in-plane along with the propagation direction while
the anti-symmetric A0 mode fluctuates in an out-of-plane
manner as it propagates. Therefore, the anti-symmetric
modes can be seen better from the velocity component in
the z-direction (Vz) as this is the out-of-plane through-
thickness direction. The symmetric mode can be visual-
ized better from either the x-direction (Vx) or the y-direction
(Vy), but since the transducers are distant along the x-axis, Vx
is used to scrutinize the S0 mode propagation. This does not
mean that we can only findA0 along Vz, nor does it mean that
we can only see S0 along Vx. In fact, both modes are included
in all velocity components but A0 is more dominant along Vz
while S0 is more clearly visible along Vx andVy. In this study,
since A0 is more dominant on this 70 kHz frequency for both
CFRP (see Figure 1(a)) and aluminum,52 it is also dominant
over S0 in Vx component since the laid-up plates on top of one
another make an easier path for A0 (out-of-plane) to travel
across themwhile S0 (in-plane) is largely damped. In fact, one
could argue that the setup of the experiment was always
designed to suit the A0 mode and detect it clearly, rather than
detecting a signal and analyzing its modes arbitrarily.

Figure 13 shows the propagating wave velocity profiles
Vx (a) and Vz (b) in the PTFE-CFRP-Aluminum structure
on both upper and lower sides and at different corre-
sponding propagation times for the final curing point in the
4 h-soak cycle. This data point marks the examined signal of
Figure 11(b) at 450 min. Figure 13 includes the mechanical
properties of the CFRP at this cure point and the propagation
time at the instant the snapshot is taken on top of the upper
boundaries of parts (a) and (b). Figure 13(a) shows both

modes in the Vx component at an early time before reaching
the sensor PZT on the right. Each mode is clearly distin-
guished by the different wavelength size and speed. On the
lower side of the tooling plate (Side II), the wave modes have
the same velocities but are slightly attenuated compared to
the upper side, which makes sense since the wave is actuated
from a 1.25 mm height above the 6 mm-thick aluminum
plate. Figure 13(b) shows only the visible A0 mode from the
Vz component at a time where the bulk of this mode hits the
sensor PZT. The same figure also shows the boundary re-
flections generated by hitting the sides of the aluminum plate.

Figure 14 shows the propagating wave velocity profiles
along the same directions and propagation times for the
third curing point in the 3 hr-soak cycle. This data point
marks the examined signal of Figure 11(a) at 10 min. On
Side II for both Figure 14(a) and (b), we notice a similar
behavior for the S0 and A0 modes as seen in Figure 13. On
Side I, also the same behavior occurs for the travelling
modes inside the PTFE-CFRP-Aluminum structure. How-
ever, an added wave packet with smaller wavelength than
both modes is shown in the vicinity of the actuator PZT.
This is clearly the effect caused by the decreased mechanical
properties of the CFRP at the beginning of the cycle. This is
why this mode is correlated with the composite laminate
tested and not with the whole structure, especially since it
does not show on Side II. Particularly, this can be the A0

mode generated inside the CFRP solely or inside the PTFE-
CFRP structure. In our previous analysis, it was always
assumed that the CFRP A0 mode was travelling inside the
aluminum and creating a combined anti-symmetric mode
that was analyzed throughout the cycle.4,5 That mode would
initially reflect on thickness boundaries of the aluminum
plate and yield the S0 and A0 modes seen during the entirety
of curing. Now, however, it is clear that this assumption was
incorrect. The added CFRP A0 mode when the mechanical
properties are lower show that the excited wave is initially a
symmetric mode inside the CFRP that reflects near the

Figure 12. (a) Group velocity and (b) Amplitude of the first received A0 mode packet for both curing cycles extracted from the
numerical model simulations.
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actuator PZT boundaries thus creating both mode conver-
sion and transmission phenomena which yields SCFRP-0A0

and SCFRP-0-S0 modes inside the entire structure, especially
inside the aluminum tooling plate which dominates the
wave propagation because of its thickness and high me-
chanical properties. In Figure 13, the CFRP A0 mode does
not show because it is faster as a result of the higher laminate
properties. Thus, it blends with the total signal because the
difference in speeds between them is lower. In Figure 14, the
same CFRP A0 mode is so slow that it is almost trapped
(static) inside the shown region and keeps reflecting off the
actuated PZT and CFRP boundaries (especially shown in
Side I of Figure 14(b)). Note that in Figure 14(b) Side I, the
propagation of this slow CFRPA0 mode is not circular like
all the other propagating modes in the structure. It resembles
a filleted square that has its corners along the propagation
directions. This is because the woven CFRP is considered
quasi-isotropic along the x and y directions, and thus have
higher mechanical properties along these fibers, resulting in
faster wave propagation. Also, note that the mesh is not
optimized to represent the wave propagation of such slow
mode, meaning that the shown CFRPA0 mode is not solved
for correctly and can have a slightly different behavior had

the model been meshed accordingly. That, however, is too
computationally expensive and irrelevant for the scope of
this study. We are only interested in the generated sym-
metric and anti-symmetric modes in the entire structure and
the latter’s changes during the curing process. Nevertheless,
the computational model here allows better understanding
and analysis of the wave propagation process by visualizing
and understanding the velocity profiles.

Added cure parameter

To improve the comparison between the experimental and
numerical findings of the group velocity and voltage curves
versus cure time, the results are shown together in Figure 15.
The previously assigned vitrification points for the nu-
merical results from Figure 12 are changed because it is
noticed that the velocity curves (Figure 12(a)) indicate a
change of slope near the end of cure with times very close to
the experimental vitrification times for both cycles (which
are indicated by the slope change in the ascent). Figure 15(c)
shows the new assigned vitrification points for the nu-
merical results at 315 min and 375 min for the 3 hr-soak and
4 hr-soak cycles, respectively. These values compare very

Figure 13. Upper and lower views of the Lamb waves velocity profiles inside the PTFE-CFRP-Aluminum structure at 450 min cure time
for the 4 h-soak cycle along the (a) X velocity component, and (b) Z velocity component.
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closely to 305 min and 365 min vitrification points for the
experimental 3 hr-soak and 4 hr-soak cycles. In
Figure 12(a), they were assigned at 280 min and 340 min
accordingly. The considered gelation points in Figure 12(b)
are very close in time to the minimum viscosity points
separated by only 15 min for each cycle. The new full
gelation considerations in Figure 15(d) are at the end of the
rubbery region ascent in the numerical voltage curves at
270 min and 330 min for the 3 hr-soak and 4 hr-soak cycles.
Compared to the minima in experimental voltage curves of
Figure 15(b), they differ by only 5 minutes since full ge-
lation points are set to 275 min and 335 min for the 3 hr-
soak and 4 hr-soak cycles in these experimental results. In
Figure 12(b), they were assigned at 255 min and 315 min
for the 3 hr-soak and 4 hr-soak cycles. The new times for
full gelation and vitrification points for the numerical
results (Figure 15(c) and (d)) make more sense than those
assigned in Figure 12 since they are closer to their ex-
perimental counterparts (Figure 15(a) and (b)). If this is the
correct case, there remain the minima of the numerical
velocity and voltage curves in Figure 15(c) and (d) that is
not assigned to neither full gelation nor vitrification. Since

this new parameter appears at the same time in the voltage
and velocity curves for each cycle, it is labeled by a hollow
black circle in both figures. The times here are 255 min and
315 min for the 3 hr-soak and 4 hr-soak, respectively.
When projected up to the experimental results in
Figure 15(a) and (b), it is shown how the black circle lies
between the minimum viscosity and the full gelation
points, in the second descent of the curves occurring
during the second temperature ramp. Since this new pa-
rameter is fairly close to the minimum viscosity points, it
can be implied that the initiation of the gelation process
occurs at these times. Thus, a new added cure parameter
called “gelation initiation” is assigned in Figure 15. This
cure parameter is also shifted by exactly 60 min backwards
for the 3 hr-soak cycle. If these assumptions are not
correct, the differences between gelation and vitrification
points for the ultrasonic experimental test and the DMA
generated E0 curves would still be due to the several
reasons stated previously: difference in vacuum and
bagging material, tooling plate and heat transfer consid-
eration, and the difference in the length-to-thickness ratio
of the specimens for both experiments.

Figure 14. Upper and lower views of the Lamb waves velocity profiles inside the PTFE-CFRP-Aluminum structure at 10 min cure time
for the 3 hr-soak cycle along the (a) X velocity component, and (b) Z velocity component.
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Further studies and validation are needed to justify the
inclusion of the new gelation initiation parameter and the
rearrangement of full gelation and vitrification points for the
numerical study. However, if accurate, these changes should
also be applied to the DMA storage moduli curves since
they have the main influence on the numerical model results
considering all the CFRPmaterial properties changes during
the cure are extracted from these curves. Thus, the cure
parameters in Figure 4 are rearranged accordingly to include
the gelation initiation parameter and to shift the full gelation
and vitrification parameters. Figure 16 shows the im-
plementation of these changes and their effect on the ad-
justed rubbery and glassy states regions. The rubbery region
now starts from the gelation initiation parameter, which is
relatively close to the minimum viscosity, and extends to the
new assumed vitrification time spot. The glassy state is also
shifted to start from the latter cure parameter and extends to
the end of the cure cycle.

Study limitations

This is an effective numerical study that does not shy away
from having multiple limitations due to all the assumptions
made along the different sections. First, the DMA frequency
range for the cure testing can be enlarged to get a more

accurate average E0 curve. Also, the loss modulus E00 and/or
the tan δ parameter are not considered for this study. They
could slightly change the implemented modulus curve in
COMSOL if employed. The averaged storage moduli
curves for both cycles are amplified by a factor of four for
better signal propagation response in the software. On the
other hand, the changes in moduli for CFRP are all based on
the imported storage modulus changes. Aluminum and
PTFE are assumed to have no property changes during the
increase in temperature, whereas in reality, their mechanical
properties have slight changes. Also, relative permittivity of
the woven CFRP is assumed to stay constant during the
cure, which is not entirely accurate. Modeling-wise, the
exclusion of the different bagging consumables might affect
the resulting signal. Particularly, modeling the vacuum gum
tape correctly around the aluminum plate edges might
improve the reflections accuracy of the studied mode.
Additionally, viscoelasticity is ignored because it needs
more experimental testing and generates large number of
degrees of freedom and hefty computational time within the
model. Further studies on the wavefield velocity profile are
required to validate the claims about the slow CFRP A0

mode at uncured stages. Finally, theoretical and experi-
mental validation is needed to justify the statements about
the new “gelation initiation” cure parameter.

Figure 15. Rearrangement of the gelation and vitrification cure parameters after identifying the new ‘gelation initiation’ parameter. The
figure shows (a) the experimental group velocity curves, (b) the experimental voltage curves, (c) the numerical group velocity curves,
and (d) the numerical voltage curves, all versus cycle cure time.
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Practical importance of the numerical model

Since the crosslinking reaction is irreversible, the absolute
values of voltage and velocity fluctuations can be integrated
over time using the following equation53:

Z tn

t1

Xdt ≈
Xn�2

i¼1

ðtiþ1 � tiÞðjxiþ2 � xiþ1j þ jxiþ1 � xijÞ; (5)

where xi is the studied parameter (voltage or velocity) at a
time ti. The data is then normalized to get the progress of
reaction (POR) curves, or degree of cure, of experimental
and numerical results for each parameter and for each curing
cycle. The results are shown in Figure 17(a) and (b) for the
POR curves integrated from velocity and voltage curves,
respectively. The figures compare POR from experimental

and numerical studies at both cycles. The velocity POR
curves show very similar trends between the numerical and
experimental trends for each cycle. The FEA curves have a
slight lead in time after the gelation process commences.
This is understandable since the DMA curing parameters
occur prior to those of the ultrasonically tested experiments.
Other than that, the numerical trends compare to their ex-
perimental counterparts quite effectively. The FEA voltage
POR curves, however, have very low values compared to
the experimental voltage POR curves, until minimum
viscosity occurs. The curves then match for both cycles until
the end of the cure.

This preliminary calculation of the degree of cure in the
form of POR lays the roadmap for future projects that
expand on the use of this numerical model. The end goal is
to reach a full digital twin that conveys information to the

Figure 16. Rearranged rubbery and glassy states for the DMA 4 hr-soak curing results of the woven CFRP specimens tested with
different frequencies. The rearrangement includes the new assumed “gelation initiation” cure parameter where the rubbery region
starts. The relocated vitrification point also shifts the rubbery region end/glassy region start.

Figure 17. Progress of reaction (POR) curves normalized versus cure time as derived from (a) group velocity curves and (b) voltage
curves. These results are shown for both cycles experimentally and numerically.
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user prior to the experimental setup, thus, optimizing the
entire cure monitoring process and reducing material waste.
Reaching this stage would require, as previously mentioned,
the addition of other modules to the numerical model. These
are ‘heat transfer’ and ‘differential equations’ modules to
emulate the chemical reaction effect by simulating the
curing kinetics. This addition needs prior DSC testing to
acquire all the kinetic constants for the Arrhenius equation
of the curing CFRP. Viscoelastic sub-module would also be
required to simulate the proper mechanical performance of
the curing polymer composite. Supplementing the numer-
ical model with the latter module demands stress-relaxation
experiments to find all the constants during several curing
phases. Combining all of these additions with the current
developed model will definitely add value and novelty in
future advancements. The numerical model would then be
used to simulate new parts and structures that have different
shapes and sizes where the cure monitoring readings would
behave distinctly for each part. The numerical cure moni-
toring of complex shapes prior to fabrication gives the
objective of this work a real practical importance, especially
that the ultrasonic guided waves technique is valid for
systems that cure at any pace, whether slow or rapid.

Conclusion

In this work, a numerical model for cure monitoring of a
shortened cycle CFRP laminate using guided Lamb waves
is presented. First, Lamb waves fundamentals are explained,
and the experimental ultrasonic results and conclusions are
described such that the three main cure parameters: mini-
mum viscosity, gelation, and vitrification are introduced on
the velocity and voltage curves. Then, DMA curing
storage modulus results are extracted for both the original
and a trimmed cycle by 1 hour and imported into
COMSOL Multiphysics after segmenting data points each
5 min and amplifying the curve trends by a constant factor.
All CFRP mechanical properties are taken as function of
the E0 trend, each with respect to their known final cured
stage value. The numerical model is introduced by com-
bining the solid mechanics and electrostatics physics in
COMSOL. The geometry and mesh are described and the
criteria for the time-dependent solver is defined. The
numerical results show that the Lamb wave received
signals match the experimental raw data especially in the
studied region of the first received anti-symmetric mode.
The concluded velocity and voltage curves are then
compared to the experimental results as the cure param-
eters are shown clearly but deviate because of the DMA E0

curve trends. Then, velocity profiles of the Lamb wave-
fields in the x and z directions are scrutinized. Addi-
tionally, a new cure parameter called “gelation initiation”
is proposed by analyzing the numerically generated

voltage and velocity curves versus cure time results. Fi-
nally, degree of cure is integrated for both cure cycles from
the velocity and voltage curves and compared numerically
and experimentally. This model is a computational founda-
tion to monitor the curing of several composites in the future.
The cycle shortening is a major benefit to the industry and can
be studied and applied on multiple composites with differ-
ent cycles. More investigations are needed to improve the
model and overcome some of the listed limitations present
in the study.
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