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A B S T R A C T

An ultrasonic guided wave-based cure monitoring technique is developed to estimate cure-dependent anisotropic
viscoelastic properties of carbon fiber reinforced plastics (CFRPs). The guided wave propagating in the trans-
verse direction of a CFRP was measured during a cure process and the energy velocity and attenuation were
obtained by signal processing. A micromechanics model and transfer matrix method were used to express the
energy velocity and attenuation as functions of only the complex Young’s modulus of the resin. The complex
Young’s modulus of the resin was estimated from the measurement results using response surfaces of the re-
lationship between the energy velocity, attenuation and the resin complex modulus. It was verified that the
estimated storage modulus and loss modulus showed reasonable values and behavior. The development of the
anisotropic viscoelastic property of CFRPs can be fully determined in real time using this technique.

1. Introduction

Carbon fiber reinforced plastics (CFRPs) have been used for struc-
tural materials in aircrafts and automobiles due to their high specific
strength and stiffness. Thermoset CFRPs are generally manufactured by
stacking prepreg sheets, which contain carbon fibers and uncured resin.
Heat and pressure are applied to the stacked prepregs to cure the resin
and exclude air voids. The residual stress induced during molding
causes curvature of the manufactured parts. Excess stresses may occur
in CFRP parts with a dimensional misalignment after assembly; hence,
reduction of the curvature is strongly demanded [1-3]. It has been re-
ported that the curvature of manufactured CFRP parts can be controlled
by the profile and distribution of temperature in the cure process [3,4].
It is required to perform a process simulation to search for manufacture
conditions that can minimize the curvature.

To perform a process simulation, the development of the anisotropic
modulus of a curing CFRP prepreg must be obtained [1,5,6]. Con-
ventionally, the dependence of resin modulus on degree of cure (DOC)
has been measured by dynamic mechanical analysis (DMA) tests [7,8].
Preparation of many samples with different DOCs is required for DMA
tests. DMA tests are performed for each sample, and a relationship
between the elastic modulus of the resin and the DOC is obtained. Al-
though DMA can accurately measure the dynamic modulus of a cured
resin, problems arise when the dynamic modulus of an uncured resin is

measured. Uncured resins are often so soft that samples cannot main-
tain their shapes during DMA tests [8]. The cure reaction of an uncured
resin proceeds due to the temperature rise in DMA, which also prevents
an accurate measurement of the dynamic modulus. Some resins used for
CFRP prepregs reach a full cure level in a short time during the standard
cure cycle determined by the manufacturer. This may cause an error
between the DOC estimated from the temperature profile and that of
the prepared sample. Therefore, a method is required to monitor the
development of resin modulus during a cure cycle.

Ultrasonic testing has been studied for measurement of the cure-
dependent dynamic modulus of resins. Cure monitoring methods that
use a pulse-echo or through-transmission technique have been reported
[9-13]. The velocity and attenuation of an ultrasonic wave propagating
in the through-thickness direction are measured in these techniques.
The storage modulus and loss modulus of the resin are calculated by a
simple analysis of a one-dimensional wave equation. Some studies have
reported the use of an ultrasonic guided wave for cure monitoring. A
guided wave propagating in a thin wire waveguide inserted to resin
[14] and that propagating in a thin plate have been used for cure
monitoring [15,16]. Guided wave techniques have also been applied to
cure monitoring of CFRPs [15-17]. However, it is more difficult to link
the velocity and attenuation to the viscoelastic property of the tested
material in the guided wave methods than in the pulse-echo and
through-transmission techniques. The guided wave cure monitoring

https://doi.org/10.1016/j.ultras.2019.105952
Received 7 February 2019; Received in revised form 24 June 2019; Accepted 24 June 2019

⁎ Corresponding author.
E-mail address: mizukami.koichi.tp@ehime-u.ac.jp (K. Mizukami).

Ultrasonics 99 (2019) 105952

Available online 25 June 2019
0041-624X/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0041624X
https://www.elsevier.com/locate/ultras
https://doi.org/10.1016/j.ultras.2019.105952
https://doi.org/10.1016/j.ultras.2019.105952
mailto:mizukami.koichi.tp@ehime-u.ac.jp
https://doi.org/10.1016/j.ultras.2019.105952
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultras.2019.105952&domain=pdf


technique for CFRPs is often limited to the acquisition of the correla-
tions between the cure level and the velocity and attenuation [15,16]. It
is expected that the use of a plate wave will have the advantages of
simplicity in sensor placement, cure monitoring of thin plates, and
different accessibility compared with the bulk wave methods. The
previous study of the authors reported a method to estimate the vis-
coelastic properties of a CFRP from the energy velocity and attenuation
of the guided wave [17]. However, the development of the viscoelastic
properties could be obtained after the cure cycle was finished in the
previous method. Real-time acquisition of the cure-dependent modulus
has not yet been accomplished. Moreover, the energy velocity measured
by the experimental setup in the previous study was not so sensitive to
the change of the resin modulus. In this study, a new guided wave
method is developed for real-time monitoring of the anisotropic vis-
coelastic properties of CFRPs during the cure cycle. The measurement
setup is also improved to enhance the sensitivity of the energy velocity
to the resin modulus. First, the energy velocity and attenuation of the
guided wave propagating in the transverse direction of a curing CFRP
are measured using one transmitter and two receivers. Second, the
anisotropic material properties of the CFRP are expressed as functions
of the complex modulus of the resin using a micromechanics model of
fiber reinforced composites. By combining the micromechanics model
and a transfer matrix method, the relationship between the energy
velocity, attenuation and complex modulus of the resin is numerically
obtained. Third, the development of the complex modulus of the resin is
estimated from the measured energy velocity and attenuation using the
numerical analysis results.

2. Experiment

2.1. Material and method

Ultrasonic guided waves propagating in a curing CFRP were mea-
sured and the energy velocity and attenuation were obtained. Fig. 1
shows the experimental setup for the guided wave measurement. The
material under the test was a 12-layer unidirectional CFRP prepreg

(Toray Industry, Inc., T700SC/2592) with a size of 250 mm × 250 mm.
A breather was mounted on a stainless plate, and then the CFRP prepreg
sandwiched by release films on both sides was placed on the breather. It
was known in advance that the rate of change of the guided wave ve-
locity became quite small if the breather was not inserted between the
bottom release film and stainless plate. Moreover, it was found that the
CFRP prepreg was easily warped when cured in vacuum bag without
tool plate, which adversely affected the accuracy of the measurement.
The experimental setup shown in Fig. 1 can satisfy both sufficiently
large change rate of the guided wave velocity and flatness of the CFRP
plate during the cure process. Three piezoelectric transducers were
placed on the top release film. One transducer was used as a transmitter
(T) to generate the ultrasonic guided wave, and two transducers were
receivers (R1, R2) to measure the guided wave. The transducers were
heat-resistant PZT sensors (Fuji Ceramics Corporation, C-64) with a
diameter of 20 mm, thickness of 0.4 mm and Curie temperature of 345
℃. The row of the sensors was perpendicular to the fiber direction for
measurement of the guided wave propagating in the transverse direc-
tion of the CFRP. The distance between the sensor T and sensor R1 was
50 mm. The distance between the sensor T and sensor R2 was 80 mm.
The layered media and transducers were covered by a vacuum bag to
apply pressure to the CFRP prepreg. This pressure enabled the sensors
to have good contact with the tested material.

The CFRP prepreg was cured in an electric furnace. Fig. 2 shows the
temperature profile for curing. The temperature was increased to 90 ℃
from room temperature at a heating rate of 2 ℃/min. The temperature
was then held at 90 ℃ for 5 h. After the isothermal process, the CFRP
was cooled to room temperature. The development of the DOC in this
temperature profile is shown in Fig. 2. The DOC development was ob-
tained using a differential scanning calorimetry (DSC). The residual
heat of the reaction of the uncured prepreg samples was measured to
calculate the DOC. The DOC of the CFRP prepreg reached approxi-
mately 0.9 at the end of the cure cycle. The gel point of T700SC/2592
prepreg was approximately 0.6. The gelation of the CFRP prepreg oc-
curred at an oven time of approximately 150 min as seen in Fig. 2.

The waveform of the voltage applied to the sensor T from a function

Fig. 1. Experimental setup for ultrasonic guided wave cure monitoring in vacuum bag molding.
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generator (Tektronix, AFG 3000 series) was a Hanning windowed five-
cycle burst sine wave with an amplitude of 10Vpp and frequency of
50 kHz. The voltages of receivers R1 and R2 were measured by an os-
cilloscope (PicoTechnology, Picoscope 5000 series) after passing
through a high-pass filter and voltage amplifier (NF Corporation, 5307).
The measurement of the guided wave was performed at 30-sec intervals
during the cure cycle.

2.2. Results and discussion

The energy velocity and attenuation of the guided wave were ob-
tained by signal processing of the received waveforms. Fig. 3 shows the
waveforms of the transmitter and receivers and their signal processing
results. Fig. 3(a) shows the voltage waveform applied to the sensor T
and its envelope. The envelope was obtained using the Hilbert trans-
form (HT) of the waveform [18,19]. Fig. 3(b) shows an example wa-
veform of the sensors R1 and R2 and their envelopes obtained 200 min
after the beginning of heating. The waveforms of the receivers were
almost the same as the waveform of the transmitter, which indicated
that there was almost no change in the shape of the wave packet re-
sulting from dispersion. Hence, the energy velocity was calculated as-
suming that the time at which the peak of the envelope was observed
was the arrival time of the guided wave. The times at which the en-
velope of the waveforms of the sensors T, R1 and R2 had the maximum
value were defined as tT, tR1 and tR2, respectively. The energy velocity
Ve was calculated from Eq. (1).

=V L
t te

1

R1 T (1)

L1 in Eq. (1) is the distance between the sensors T and R1 (=50 mm). Ve

can be calculated by dividing the distance between the sensors T and R2
by tR2 − tT or dividing the distance between the sensors R1 and R2 by
tR2 − tR1. Although almost the same Ve development curve was ob-
tained by these calculation methods, the scatter of the data certain
period of time after the gelation was smallest when Ve was calculated
from Eq. (1). Since the resin was highly attenuative around the gel
point, the voltage of the R2 was much smaller than that of R1 and
masked by electromagnetic noise. The HT for the R2 waveform failed to
accurately read its arrival time in this period, while the voltage of R1
was sufficiently larger than the noise level. Fig. 3(c) shows the 50 kHz
wavelet coefficients obtained by applying the continuous wavelet
transform (CWT) to the receiver waveforms in Fig. 3(b). The attenua-
tion α at 50 kHz was calculated using the maximum values of the wa-
velet coefficients A1 and A2.

=
L

A L
A L

1 ln( )
12

1 1

2 2 (2)

L2 is the distance between the sensors T and R2, and L12 = L2 − L1. The
attenuation in Eq. (2) is material damping that excludes the effect of
geometrical spreading [18,20].

Fig. 4 shows the development of the energy velocity and attenuation
of the guided wave obtained in the experiment. The voltage of the re-
ceivers was so low until an oven time of 170 min that it was difficult to
accurately determine the energy velocity and attenuation. Similar re-
sults were also obtained in our previous work when the guided wave
propagating in the transverse direction was measured [17]. The energy

Fig. 2. Temperature profile for curing and development of degree of cure
measured by differential scanning calorimetry.

Fig. 3. Measured waveforms and signal processing results. (a) Excitation wa-
veform and its envelope. (b) Received waveforms at oven time of 200 min and
their envelopes. (c) 50 kHz wavelet coefficients of received waveforms at
200 min.
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velocity rapidly developed from 170 min to 220 min and then its
change rate decreased. The curve of the Ve development was similar to
that of the DOC development shown in Fig. 2. Hence, the completion of
the cure reaction could be predicted by the observation of the Ve de-
velopment. The attenuation rapidly decreased from 170 min to
220 min, and its final value was close to zero. According to Fig. 2, ge-
lation occurred at an oven time of approximately 150 min. Therefore,
the cure reaction after gelation could be monitored by this method.

3. Numerical analysis

3.1. Micromechanics model

The relationship between the energy velocity, attenuation and ani-
sotropic viscoelastic property of the CFRP was obtained through nu-
merical analyses. The results of the numerical analysis were used to
estimate the viscoelastic property of the CFRP from the measurement
results. In this study, the cure-dependent anisotropic viscoelastic
property of the CFRP was fully estimated from only the energy velocity
and attenuation of the guided wave propagating in the transverse di-
rection of the unidirectional CFRP. The carbon fiber is an anisotropic
elastic material and its material property does not change during
molding. The resin was assumed to be an isotropic viscoelastic material
whose material property changes during molding. The material prop-
erty of a CFRP can be calculated from the material properties of the
carbon fiber and resin by using a micromechanics model for fiber re-
inforced composite. If the material property of the carbon fiber is
known, the material property of the CFRP can be expressed by only the
material property of the resin. Hence, the energy velocity and at-
tenuation of the guided wave can be expressed as functions of the
material property of the resin. The self-consistent model developed by
Hashin and Rosen, and Whitney was used as the micromechanics model
[21,22]. The material property of a unidirectional CFRP is expressed as
follows using this model [2].
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Vf is the volume fraction of carbon fibers in the CFRP. E, G, ν and k
denote the Young’s modulus, shear modulus, Poisson’s ratio and bulk
modulus, respectively. The subscripts f and m denote the fiber and
resin, respectively. The numbers 1, 2 and 3 correspond to fiber, trans-
verse and thickness directions of the unidirectional CFRP, respectively.
If the material property of the carbon fiber is known, the material
property of the unidirectional CFRP is expressed as a function of
Young’s modulus Em and Poisson’s ratio νm of the resin. The Poisson’s
ratio of resin is close to 0.5 in a rubbery state and rapidly approaches a
constant value as the resin vitrifies [23]. Because only the curing pro-
cess after gelation could be monitored in the experiment of the guided
wave measurement, it was assumed that νm was constant in the esti-
mation of the anisotropic modulus of the CFRP from the measurement
results. Therefore, the anisotropic elastic property of the CFRP could be
expressed as a function of only Em. Taking the correspondence principle
into consideration, the viscoelastic property of the CFRP could be ob-
tained by replacing the elastic modulus Em in Eqs. (3)–(13) with a
complex modulus Em′+iEm″, where Em′ and Em″ are the storage mod-
ulus and loss modulus of the resin.

3.2. Transfer matrix method

Transfer matrix method is a semi-analytical method that can find
the complex phase velocity of the guided wave propagating in a stra-
tified media [24,25]. The energy velocity and attenuation can be cal-
culated once the complex phase velocity is known. Fig. 5 shows the
analytical model for the transfer matrix method. The waveguide in the
measurement in Fig. 1 was assumed to be a four-layer plate composed
of a bottom release film, unidirectional CFRP, top release film and
vacuum bag. Since the acoustic impedance of the breather was low, it
was assumed that the bottom surface of the waveguide was a free
surface. x1 was the direction of the propagation of the guided wave and
x3 was the through-thickness direction. The plane strain condition was
adopted and the model was assumed to be infinitely long in the x2

Fig. 4. Energy velocity and attenuation of guided wave obtained from the ex-
periment.

Fig. 5. Analytical model for transfer matrix method.
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direction. The guided wave propagating in the material was assumed to
be the superposition of the partial waves: quasi-P wave, SH wave and
SV wave. Each of the waves is written as follows.

= +u U ik x x c texp( ( ))1 1 1 3 p (14)

= +u U ik x x c texp( ( ))2 2 1 3 p (15)

= +u U ik x x c texp( ( ))3 3 1 3 p (16)

k* is the complex wave number, and cp* is the complex phase ve-
locity. k*cp* is equal to the angular frequency ω. U1, U2 and U3 are
constants, and γ is the ratio of the wavenumber in the x3 direction to
that in the x1 direction. The displacements in three directions are
coupled together in general anisotropic materials and waves are su-
perposition of the quasi-P, SH and SV waves. The governing equations
were the equation of motion, strain-displacement relationship, and
Hooke’s law. The material property of the CFRP expressed as a function
of the resin complex modulus Em′+iEm″ was substituted into the stiff-
ness tensor in Hooke’s law. By substituting the displacements in Eqs.
(14)–(16) into the governing equations, the displacements and stresses
at the top and bottom surfaces of the mth layer in the stratified media
were linked as the following equation shows.

={ } { }u T T
T T

ua b

c dm,top

(m) (m)

(m) (m) m,bottom (17)

The vector on the left side of Eq. (17) consists of a displacement u
and stress σ at the top surface of the mth layer. The vector on the right
side is the displacement-stress vector at the bottom surface of the mth
layer. The matrix on the right side is the transfer matrix of the mth layer
that links the displacements and stresses at the top and bottom surfaces.
Taking the continuity of the displacement and stress at the interface,
the displacements and stresses at the top and bottom surfaces of the
stratified media were linked as follows.

={ } { }u T T T T u
4,top

(4) (3) (2) (1)
1,bottom (18)

T(m) is the transfer matrix of the mth layer shown in Eq. (17). As Eq.
(18) shows, the transfer matrix of the stratified media is the multi-
plication of the transfer matrices of all layers. Because the stress com-
ponents in the x3 direction becomes zero at the free surfaces, Eq. (18) is
written as follows.

={ } { }u T T
T T

u
0 0

a b

c d4,top 1,bottom (19)

The matrix on the right side of Eq. (19) is the multiplication of the
transfer matrices of all the layers shown in Eq. (18). Because the dis-
placement u has nontrivial solution, the following dispersion equation
can be obtained.

=Tdet( ) 0c (20)

Eq. (20) is an equation with respect to the complex phase velocity cp*.
cp* for a specific frequency can be found by solving this equation. cp* is
expressed as follows using the real phase velocity cp and attenuation α
[24].

=
c c

i1 1
p p (21)

The attenuation at the frequency ω can be obtained from the ima-
ginary part of the right side in Eq. (21). The energy velocity of the
guided wave Ve can be calculated from Eq. (22) after cp* is known [26].

=V
Pdtdx

Qdtdx

h

he
0 0

2 /
3

0 0
2 /

3 (22)

h is the thickness of the stratified plate, P is the Poynting vector, and Q
is the sum of the kinetic energy and strain energy.

3.3. Relationship between energy velocity, attenuation and material
property

The relationship between the energy velocity, attenuation and
Young’s modulus of the resin under the experimental condition was
determined by using the micromechanics model and transfer matrix
method. Table 1 shows the material properties used for the calculation.
In the material property of the carbon fiber, 1 is the longitudinal di-
rection of the fiber, and 2 and 3 are the directions perpendicular to the
fiber. The fiber volume fraction Vf was assumed to be 60 %. Generally,
Vf slightly increases during molding. However, since the thickness
change caused by the vacuum pressure and cure shrinkage was not
significant compared with the change of the material property, Vf and
density of the CFRP was assumed to be constant during the cure cycle.
Since the thickness of the prepreg was 0.14 mm, the thickness of the 12-
layer CFRP was assumed to be 1.68 mm in the calculations. The average
thickness of the sample measured after curing was 1.63 mm, which
indicated that the change of the thickness was negligibly small. The
thickness of the release film and vacuum bag was 0.05 mm. The elastic
modulus in the transverse direction of the cured CFRP was measured by
a tensile test at room temperature, and the measured value was 8.2 GPa.
According to the micromechanics model, the Young’s modulus of the
resin for this transverse modulus was estimated to be 3.23 GPa. Thus,
calculations of the energy velocity and attenuation were performed for
Em' less than 3.5 GPa.

The energy velocity and attenuation at 50 kHz were calculated.
Only the lowest order modes, that is, two P + SV modes and one SH
mode were observed at this frequency. Fig. 6 shows examples of the
dispersion curves of the energy velocity of the guided wave.
Fig. 6(a)–(c) are dispersion curves for Em = 0.5, 1.5 and 2.5 GPa, re-
spectively. In the calculations to obtain the results in Fig. 6, the loss
modulus of the resin was assumed to be zero. As Fig. 6 shows, the
fastest mode around 50 kHz was the P + SV1 mode for any Em. More
importantly, there was almost no dispersion of the P + SV1 mode
around 50 kHz. These characteristics of the P + SV1 mode were
maintained even when a realistic value of the loss modulus was taken
into consideration for the calculation. Because the P + SV1 mode was
dominant in the experiment to obtain Fig. 4, the energy velocity and
attenuation of this mode were numerically obtained for various com-
plex moduli. Fig. 7 shows the calculation results of the energy velocity
and attenuation of the P + SV1 mode at 50 kHz. The energy velocity
increased with Em′, and the contribution of Em″ became smaller at a
larger Em′. The attenuation increased with Em″ and approached zero as
Em′ increased.

The response surfaces of the energy velocity and attenuation were
produced to express the relationships in Fig. 7 as formulae [17,27]. The
response surface of the energy velocity was a third-order polynomial
with two variables as shown in Eq. (23).

= + + + + + + + +

+

y x x x x x x x x x x

x x
0 1 1 2 2 3 1

2
4 1 2 5 2

2
6 1

3
7 1

2
2 8 1

2
2

9 2
3 (23)

Table 1
Material properties used for calculation of energy velocity and attenuation.

Fiber (Carbon
fiber)

Resin (EP) Release film
(PTFE)

Vacuum bag
(PA)

Elastic modulus [GPa]
E11 230 0.5 2.0
E22 (=E33) 18.2
G12 (=G13) 36.6
Poisson’s ratio
ν12 (=ν13) 0.27 0.35 0.36 0.3
ν23 0.3
Density [kg/m3]
ρ 1600 (CFRP) 2200 1140
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In Eq. (23), y is an output, and x1 and x2 are input variables. y, x1 and x2

are the energy velocity, storage modulus and loss modulus, respec-
tively. βi are coefficients of the polynomial. The response surface of the
attenuation was produced using the following equation.

= + + + + + + +

+ +

y
x x x x x x x x x x

x x x

exp(

)
2 0 1 1 2 2 3 1

2
4 1 2 5 2

2
6 1

3
7 1

2
2

8 1 2
2

9 2
3

10

(24)

In Eq. (24), y, x1 and x2 are the attenuation, storage modulus and
loss modulus, respectively. The coefficients βi were determined such
that the squared error between the numerical results in Fig. 7 and the
response surface was minimized. The adjusted R-square value was
larger than 0.999 for both response surfaces, which indicates the va-
lidity of the approximate functions in Eqs. (23) and (24). Therefore, the
formulae of the relationship between the energy velocity, attenuation
and complex modulus of the resin were obtained.

4. Inverse analysis

The development of the complex modulus of the resin was estimated
from the measurement results using the response surfaces. The complex
modulus was estimated by finding the combination of the storage
modulus and loss modulus that minimized the squared error between
the response surface and measurement results. An optimization algo-
rithm, based on the least squares method, was used to find the solution.
The storage modulus and loss modulus were estimated at each time in
the curing process. Since the computational cost for solving Eq. (20) is
large, the response surface was necessary for real-time estimation of the
complex modulus. Fig. 8 shows the estimated development of the
Young’s modulus of the resin during the cure cycle. The storage mod-
ulus increased as the resin was cured and reached the final value of
approximately 2.7 GPa. This was the storage modulus at 90℃. Mea-
surement of the energy velocity was performed for the cured CFRP
sample at room temperature to verify the inverse analysis. The storage
modulus of the cured resin was estimated from the measured energy
velocity assuming that the loss modulus was zero. Table 2 shows the
comparison of the Young’s modulus at room temperature estimated by
the tensile test and guided wave method. The storage modulus of the
resin at room temperature was estimated to be 2.95 GPa. Because the
tensile test showed that the Young’s modulus of the cured resin was
3.23 GPa at room temperature, the estimated Young’s moduli were in
good agreement. Fig. 8 shows that the loss modulus decreased during
the cure process after the peak at 190 min. This was a typical behavior
of a curing resin. However, it should be noted that the estimated loss
modulus is sensitive to the error of the attenuation in the final stage of
cure. The dependence of the complex modulus on the DOC was

Fig. 6. Examples of dispersion curves of energy velocity for the stratified media.
(a) Em = 0.5 GPa. (b) Em = 1.5 GPa. (c) Em = 2.5 GPa.

Fig. 7. Numerically obtained relationship between energy velocity and at-
tenuation of 50 kHz P + SV1 mode and resin complex modulus. (a) Energy
velocity. (b) Attenuation.
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obtained using the development of the DOC in Fig. 2 and the estimation
results in Fig. 8. Fig. 9 shows the relationship between the complex
modulus of the resin and DOC. It was possible for the guided wave cure
monitoring to estimate the resin complex modulus for a DOC larger
than 0.79. In process simulations to predict residual stresses, generally,
the modulus-DOC relationship after gelation (DOC = 0.6 for T700SC/
2592 prepreg) is used. The low modulus at low DOC has a small con-
tribution to the residual stress development. Although the relationship
in Fig. 9 was obtained for the limited range of the DOC, it can be a
useful material property for process simulation. By substituting the
estimated complex modulus of the resin into the equations of the mi-
cromechanics, the anisotropic viscoelastic property of the CFRP can be
fully determined. It should be noted that the results in Fig. 9 corre-
sponded to the modulus at 50 kHz. Modeling of the viscoelasticity
considering the effect of the frequency is required to use the cure
monitoring data for an accurate prediction of residual stresses.

5. Conclusion

An ultrasonic guided wave monitoring method was developed to
estimate the development of the viscoelastic property of a curing CFRP.
The guided wave propagating in the transverse direction of the CFRP
prepreg could be measured after gelation. The energy velocity and at-
tenuation of the guided wave were obtained by applying the Hilbert
transform and continuous wavelet transform to the waveforms of two
receivers.

The anisotropic material property of the CFRP was expressed as a
function of only the Young’s modulus of the resin using the micro-
mechanics of the fiber reinforced composite. A transfer matrix method
was used to calculate the energy velocity and attenuation for a given
material property of a CFRP. The relationship between the energy ve-
locity, attenuation and complex modulus of resin was obtained by using
a micromechanics model. The energy velocity and attenuation were
expressed as a function of the storage modulus and loss modulus of the
resin using a response surface methodology.

The development of the resin complex modulus was estimated from
the measured energy velocity and attenuation using the produced re-
sponse surface. The estimated development of the complex modulus
showed a reasonable behavior of curing resin. The validity of the
method was verified by the comparison of the Young’s modulus esti-
mated from the results of the mechanical testing and guided wave
technique. Finally, the DOC-dependent complex modulus of the resin
was obtained using the results of the modulus estimation and the DOC
development measured by a DSC. The cure-dependent anisotropic vis-
coelastic property of the CFRP could be fully determined by substituting
the estimated complex modulus into the micromechanics model.

The cure monitoring method developed in this study can estimate
the development of the modulus of CFRPs after gelation. Because the
modulus after gelation has a dominant contribution to the residual
stress development, the material property estimated by this monitoring
technique can be useful as an input for a process simulation of CFRPs.
For a precise prediction of the residual stress, a viscoelastic model that
takes the effect of the guided wave frequency into consideration is re-
quired.
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