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ABSTRACT

The influence of porosity on the ultrasonic wave propagation in unidirectional
carbon-fiber-reinforced composite laminates is investigated based on the
two-dimensional finite element analysis and measurements. Random distributions of
pores with different contents and size are considered in the analysis, together with the
effects of viscoelastic plies and interlaminar resin-rich regions. The transient reflection
waveforms are calculated from the frequency-domain finite-element solutions by the
inverse Fourier transform. As the measures for porosity characterization, the ultrasonic
wave velocity, attenuation coefficient, and interlaminar interface echo characteristics are
examined for 24-ply unidirectional composite laminates. As a result, the wave velocity
decreases with the porosity content in a manner insensitive to the pore size. On the other
hand, the attenuation coefficient increases both with the porosity content and with the
pore size. The time-frequency analysis of the reflection waveforms shows that the
temporal decay rate of interlaminar interface echoes at the stop-band frequency is a
good indicator of the porosity content. The measured porosity-content dependence of
the wave velocity is better reproduced by the numerical simulations when the interlayer
interfacial stiffnesses are adjusted according to the porosity content, indicating that not
only the porosity features but also the interlaminar interfacial properties vary with
curing conditions.
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1. Introduction

Wide applications of carbon-fiber-reinforced plastics (CFRP) in aerospace,
automotive, civil, and marine industries have considerably increased the importance of
nondestructive evaluation for their diagnosis. It is recognized that one of the detrimental
defects in CFRP laminates is the porosity [1], i.e., distribution of minute pores within
the laminate. Porosity levels of more than 2 % by volume fraction [2] can significantly
degrade the mechanical properties of the composite laminates such as interlaminar shear
strength [3-7], flexural strength [3,8], tensile strength [4,7], compression strength [9], etc.
For this reason, the nondestructive evaluation of the porosity content is essential and has
been the subject of extensive investigation.

Conventional techniques to evaluate the porosity content have been based on the
ultrasonic wave velocity [10-15] and attenuation [15-27] in the stacking direction of
composite laminates. In practice, the attenuation is used more frequently than the wave
velocity because of its higher sensitivity to the porosity content [2]. In particular, the
slope of the attenuation coefficient with respect to the frequency has been shown to be
useful for the estimation of porosity content [5, 18]. More recently, the interlaminar
interface echoes, also called structural [28] or backscattered signals [29, 30], have been
studied as an alternative parameter to evaluate the porosity content.

In order to corroborate the experimental findings for nondestructive porosity
characterization, the numerical simulation of ultrasonic wave propagation is particularly
effective as it can model the content, size, and arrangement of pores in the composite in
a controlled manner. Finite difference [26-28] as well as finite element methods [31]
have been adopted to simulate the ultrasonic wave propagation in porosity-containing
composite materials. In these previous works, the composites are modeled as elastic
solids with distributed pores. In polymer-based composite materials, however, the
viscoelastic nature of plies has a significant effect on the wave attenuation. Furthermore,
the interlaminar resin-rich zones can also affect the wave propagation behavior. These
features should be accounted for in an appropriate manner when the effect of porosity
on the wave propagation characteristics in composite laminates is to be evaluated by
computational modeling.

In this paper, the two-dimensional finite element simulations of ultrasonic wave



propagation in porosity-containing unidirectional CFRP laminates are presented. In
contrast to the aforementioned works [26-28, 31], the present analysis is carried out in
the frequency domain. This is of particular advantage when incorporating the
viscoelastic properties of CFRP exhibiting nearly linear frequency dependence of the
attenuation coefficients [32-34]. Thin interlaminar resin-rich regions are modeled as
spring-type interlayer interfaces with equivalent normal and shear stiffnesses [35-41].
The transient reflection waveform from the CFRP laminate immersed in water is
obtained by the inverse Fourier transform of the frequency-domain solution. The
influence of the content as well as the size of pores on the ultrasonic wave velocity,
attenuation coefficient, and interlaminar interface echoes is examined based on the
numerical simulations and the corresponding experimental results.

This paper is structured as follows. In Sec. 2, the procedure for the measurement of
reflected waves from porosity-containing unidirectional CFRP laminates immersed in
water is presented. In Sec. 3, the computational model and the frequency-domain finite
element analysis are described. In Sec. 4, the numerical and experimental results of the
wave velocity, attenuation coefficient, and interlaminar interface echoes for different
contents and size of pores are discussed. The conclusion of this study is summarized in
Sec. 5.

2. Experimental procedure

The specimens used in the measurement were unidirectional 24-ply carbon-epoxy
composite laminates fabricated using the Toho Tenax UTS50/135 UD prepregs. Besides
a porosity-free specimen manufactured under the standard conditions, six other
specimens with different levels of porosity were prepared by modifying the compaction
scheme and assigning improper curing conditions. The optical micrographs of the
cross-section perpendicular to the fibers are shown in Fig. 1 for the representative
specimens. The porosity content of each specimen was measured as the area fraction of
pores in its micrograph using an image analysis technique, as summarized in Table 1
together with the measured laminate thickness and density. The other dimensions of the
specimens were all 100 mm x 120 mm.

The measurement of reflected ultrasonic waves from porosity-containing CFRP



laminates was performed with the pulse-echo technique at normal incidence in water.
Two kinds of non-focusing piezoelectric transducers with nominal center frequencies of
2.25 MHz and 10 MHz were used, and the reflection waveforms were digitized with the
sampling frequency of 100 MHz. The 2.25 MHz transducer was used for the
measurement of the wave velocity and attenuation from the front and back wall echoes.
After the Fourier transform was carried out for the recorded waveforms, the wave
velocity V(f) and attenuation coefficient a(f) in the thickness direction were obtained as
functions of the frequency f using the following equations [42]:
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where OGrront (f) (Osack (f)) and Arront (f) (Asack (f)) are the phase and amplitude spectra of

the front (back) wall echo, n is an integer to be determined by phase unwrapping, and d
is the thickness of the specimen. In Eq. (2), R(f) is the amplitude reflection coefficient at

the water-specimen interface given by
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where pw and Vw are the density and the wave speed of water, and ps is the density of the
specimen. On the other hand, the 10 MHz transducer was used for the characterization
of the interlaminar interface echo signals. The time-frequency analysis was then
performed by calculating the short-time Fourier transform (STFT) of the reflection
waveforms in order to obtain the temporal evolution of the frequency components in the
interlaminar interface echoes.

The experimental procedure outlined above was also applied to measure the wave
reflection by a polished surface of an aluminum block immersed in water using the
same transducers. The recorded reflection waveforms for the two transducers are shown
in Fig. 2. These waveforms were regarded to be proportional to those of the incident
waves from the transducers, and used as the displacement waveforms of the incident

waves in the numerical simulations described below.



3. Two-dimensional frequency-domain finite element analysis
3.1 Computational model

The computational model for the two-dimensional plane-strain ultrasonic wave
propagation in a composite laminate is shown in Fig. 3. It occupies the domain of 0 < x1
<L and 0 <x2 <2Hw + H, and consists of an N-layered unidirectional CFRP laminate of
total thickness H (Hw < x2 < Hw + H) and water regions of height Hw (0 < x2 < Hw and
Hw + H <x2 < 2Hw + H). In the present analysis, the length parameters are set as Hw =1
mm, H = 456 mm, N = 24, and L = 10 mm. The computational model in Fig. 3 is
discretized by square-shaped four-node isoparametric elements having the identical
dimensions of 0.01 mm x 0.01 mm. This element size was chosen to be one-tenth of the
minimum wavelength in the analysis, i.e., 0.10 mm at 15 MHz in water.

After the mesh generation is performed for the whole modeled region using 656,000
elements and 680,680 nodes, the elements corresponding to the pores are eliminated. In
the micrographs of the cross-sections shown in Fig. 1, pores are observed to be
localized at interlaminar interfaces. Therefore, the pores are distributed randomly at the
interlaminar interfaces according to the preset content and size in the computational
model. As a consequence, individual pores are modeled as cylindrical voids oriented in
the xs direction with the same square cross-section and size. This is a reasonable
approximation within the framework of two-dimensional analysis, since some recent
X-ray CT studies [43-45] have revealed that the pores elongated along the fiber
direction are dominant in the laminates when the curing conditions are inappropriate.
Different porosity contents from 0 % to 7.1 % are modeled in accordance with the
specimens used in the measurement. The pore size is modeled in three ways, i.e., 0.05
mm x 0.05 mm, 0.07 mm x 0.07 mm, and 0.10 mm x 0.10 mm. Representative pore
distributions for different contents and size are shown in Fig. 4, where the black squares
correspond to the pores modeled.

Each ply of the laminate is assumed to contain the fibers aligned parallel to the x3
direction, and modeled as a homogeneous transversely isotropic viscoelastic medium. In
the present frequency-domain analysis, the viscoelastic properties of CFRP are
characterized by the complex elastic moduli C11 and Ces in the Voigt notation. The real

and imaginary parts of these moduli are assumed to be independent of the frequency,



corresponding to the linear frequency dependence of the attenuation coefficients
commonly observed for CFRP [32-34]. It is noted in passing that incorporating such
viscoelastic properties in the direct time-domain analysis requires complicated
formulations.

Thin interlaminar resin-rich regions, typically several microns thick, are modeled as
spring-type interlayer interfaces with finite normal and shear stiffnesses, Kn and Kr,
respectively. The spring boundary conditions [35-41] are applied to the double nodes on
the interlaminar interfaces located at x2 = Hw + mh (m =1, 2,..., N =1, h = H/N: ply
thickness). The material properties used in the present analysis are summarized in Table
2. The density and thickness of plies are given in accordance to the porosity-free
specimen used in the measurement. The complex elastic constants as well as the
interlayer interfacial stiffnesses were determined experimentally for the porosity-free
specimen. Namely, they were determined so that the theoretical amplitude transmission
coefficients [41] fit best to those measured for the porosity-free specimen at different
incident angles in the plane normal to the fiber direction.

As mentioned in Sec. 2, the specimens used in the measurement were manufactured
under different curing conditions which resulted in different porosity contents. It is
noted, however, that different manufacturing conditions can lead to different states of
interlaminar interfaces as well. In the following analysis, this effect is first ignored by
using the interfacial stiffnesses determined for the porosity-free specimen in all
simulations. Possible effect of varying the interfacial stiffnesses according to the

porosity content will be discussed later in Sec. 4.3.

3.2 Frequency-domain finite element analysis

The numerical simulations are run assuming two different center frequencies of the
incident wave, i.e., 2.25 MHz and 10 MHz according to the measurements as explained
above. Following the formulation by Nakashima et al. [46] in the frequency domain, the
incidence of the plane longitudinal wave in the positive x2 direction is simulated, and
the reflected and transmitted waves are absorbed at the upper and bottom boundaries,
respectively. The amplitude and the phase of the incident wave are given by the Fourier

transform of the experimental waveform in Fig. 2 (a) or (b). The periodic boundary



condition is imposed on the left and right boundaries at x1 = 0 and x1 = L. When the time
dependence of exp(-iwt) (t: time) is assumed, the governing system of equations is
given as

(K-o’Mu=F, (4)
where K is the global stiffness matrix, M is the global mass matrix, u is the global nodal
displacement vector, and F is the global nodal force vector.

The above finite element formulation is implemented in a self-made code written by
Fortran 90. Only the non-zero elements of the sparse global matrices are stored using
the compressed row storage format [47], and the system of equations (4) is solved by
the Intel MKL PARDISO (Parallel Direct Sparse Solver). After solving Eq. (4), the
nodal displacements at the upper boundary of the computational model are subtracted
by the corresponding incident wave displacements and averaged over the same
boundary to obtain the complex reflected wave amplitude. This procedure is repeated
for different frequencies (0 to 5 MHz and 0 to 15 MHz in the simulations for the center
frequencies of 2.25 MHz and 10 MHz, respectively) with the interval of 0.1 MHz to
construct the reflection spectra. After zero-padding to the spectrum for each center
frequency up to 50 MHz and making it conjugate-symmetric, the inverse Fourier

transform is performed to calculate the transient reflection waveform.

4. Results and discussion
4.1 Velocity and Attenuation
For the incident wave with the center frequency of 2.25 MHz, the computed
reflection waveforms are depicted in Fig. 5 together with those measured on the
specimens with different porosity contents. The experimental results in Fig. 5 (a) show
increasing delay and decreasing amplitude of the back wall echo with increasing
porosity content. Figure 5 (b)—(d) show the numerical results for the pore size 0.05 mm
x 0.05 mm, 0.07 mm x 0.07 mm, and 0.10 mm x 0.10 mm, respectively. The numerical
results also show changes in delay and amplitude depending on the porosity content and
the pore size.
Using Egs. (1)-(3), the wave velocity and attenuation coefficient at the fixed

frequency of 2.25 MHz are computed from the numerical reflection waveforms. Their



variations with the porosity content are shown in Fig. 6 for different pore size together
with the experimental results. Figure 6 also contains the numerical results when the
interlayer interfacial stiffnesses are varied according to the porosity content, which will
be discussed later in Sec. 4.3. In Fig. 6, the depicted data points and the vertical error
bars express the mean values and the 95 % confidence intervals, respectively, of the
observation at 1200 different points on the specimen for the experimental results and of
the simulations for 100 different pore arrangements for the numerical results. The
horizontal error bars in the experimental results show the maximum and minimum
values of the measured porosity contents shown in Table 1. It can be observed that the
experimental results for the porosity-free sample are well simulated by the numerical
analysis, indicating that the assumed material properties are indeed reasonable.

It is observed in Fig. 6 (a) that the wave velocity obtained from the numerical
simulations decreases almost linearly with the porosity content. The slope of the
velocity with the porosity content is, however, insensitive to the modeled pore size. The
experimental results also exhibit linear variation of the velocity with the porosity
content. Its decrease rate is, however, steeper than the numerical results. This
quantitative discrepancy indicates that the porosity-containing specimens used in the
experiment are different from the porosity-free one not only in the porosity content but
also in other properties. Possible effect of variable interlayer interfacial stiffnesses
according to the porosity content will be discussed in Sec. 4.3.

In Fig. 6 (b), the simulated attenuation coefficient increases more or less
proportionally with the porosity content and shows higher attenuation for larger pore
size. The measured attenuation coefficient also increases monotonically with the
porosity content. The measured attenuation, however, appears to increase with a higher
rate than the proportional increase in the numerical simulations for the fixed pore size.
Such behavior has also been reported by Yu et al. [31] in their measurement and finite
element analysis. In Fig. 6 (b), the porosity-content dependence of the attenuation below
3 % in the experiment is close to the numerical results for the pore size of 0.05 mm. For
higher porosity contents, the measured attenuation appears to deviate toward the
numerical results for larger pore size, suggesting that the samples of higher porosity

content actually have larger pores. This is qualitatively in accord with the micrographic



observation in Fig. 1. In fact, since the higher porosity content is induced by improper
curing conditions, it is natural to assume that the pores are more likely to be larger. It is
also noted that the top and bottom surfaces of the specimens with higher porosity
content tend to have somewhat increased roughness, which can also contribute to the

higher attenuation coefficient in the measurement.

4.2 Interlaminar interface echoes

The experimental and simulated reflection waveforms for the incident wave with the
center frequency of 10 MHz are compared in Fig. 7 for different porosity contents. In
contrast to Fig. 5, persistent ripples can be observed between the front and back wall
echoes, which are due to the reflection from the interfaces between the adjacent plies.
These echoes are referred to as interlaminar interface echoes here.

Figure 8 illustrates the STFT of experimental and numerical reflection waveforms
computed with the Hanning window of time length of 0.6 us. As shown in Fig. 8 (a) and
(b), the interlaminar interface echoes of the porosity-free laminate have a finite
bandwidth around 8 MHz. This corresponds to the stop-band frequency mainly
governed by the resonance of the longitudinal wave in the stacking direction. As shown
in Figs. 7 and 8, their time duration becomes shorter as the porosity content increases or
the pore size becomes larger. This can be understood, as higher porosity content or
larger pores cause more significant wave scattering to disturb the resonance
phenomenon in the layered structure which generates interlaminar interface echoes.

Figure 9 illustrates the cross-sections of the STFT of reflection waveforms at 8 MHz
for different porosity contents. The experimental results shown in Fig. 9 represent the
averages of the measurement at 1200 different points on the specimen, while the
numerical results in Fig. 9 (b) and (c) show the averages of the simulation for 30
different pore arrangements. It can be observed that the 8-MHz components of
interlaminar interface echoes decay gradually with time. These spectral amplitudes are
fitted by straight lines in the time range between 1.5 and 2 ps using the least square
method. In Fig. 10, the calculated slopes (temporal decay rates) are shown against the
porosity content. Clearly, the decay rate becomes steeper as the porosity content

increases. It is also seen that the numerical results are not very sensitive to the pore size.



The experimental results have some scatters but show similar dependence on the
porosity content.

In previous works, the interlaminar interface echoes were characterized in different
ways for porosity characterization. Grolemund and Tsai [29] showed that the ensemble
mean of the echo signals is correlated well with the porosity content. Dominguez et al.
[28] used the temporal change of the energy of these signals to differentiate the
localized porosity. Kim et al. [30] demonstrated that certain wavelet coefficients of the
backscattered echoes can be correlated well with the porosity content. It is noted that the
change in the temporal decay rate of the spectral amplitude at the stop-band frequency
discussed here is a direct measure of the perturbation of the interlayer resonance by the
porosity. The present results indicate that it is potentially a good measure of the porosity

content in the composite laminate.

4.3. Effect of variable interlayer interfacial stiffness

The numerical results discussed above are obtained using the interlayer interfacial
stiffnesses determined for the porosity-free specimen. As a result, there is some
quantitative discrepancy between the measured and the simulated porosity-content
dependence of the wave velocity as shown in Fig. 6 (a), while the measured attenuation
as well as the interlaminar interface echo characteristics are reasonably reproduced by
the numerical simulations as shown in Fig. 6 (b) and Fig. 10.

If the interlaminar resin-rich regions are considered as a homogeneous resin layer of
equivalent thickness he, the interlayer interfacial stiffnesses can be simply estimated by
[36]

S gt )
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where e and ue are Lamé’s constants of resin. These relations indicate that the decrease
of resin moduli or the increase of resin layer thickness gives lower interfacial stiffnesses.
In Fig. 11 showing the enlarged cross-sections of the specimens, it is seen that the
interlaminar resin-rich regions are thicker when the porosity content is higher. This

feature is also in line with the observation of Yu et al. [31] for quasi-isotropic CFRP
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laminates. Therefore, it is reasonable to assume that the specimens with higher porosity
contents are associated with lower interlayer interfacial stiffnesses.
Motivated by the above reasoning, the following relations between the stiffnesses

and the porosity content are tested in numerical simulations.

K Ko
N=N0 K= : (6)
1+ap 1+ap

In these expressions, Kno and Kro are the interfacial stiffnesses of the porosity-free
laminate given in Table 2, p is the porosity content (0 < p < 1), and a is a
non-dimensional constant. The best fit of the numerical results for the pore size of 0.05
mm x 0.05 mm to those measured regarding the porosity-content dependence of the
wave velocity gives a = 56.3. This result implies that the increase in porosity content to
7 % reduces the interfacial stiffnesses down to about one fifth of those of the
porosity-free sample. The thickness change alone does not explain this amount of
change if Eq. (5) is assumed literally. It should be noted, however, that in the presence
of porosity the interlaminar regions cannot be simply regarded as a thin resin layer of
uniform thickness. It is also likely that the resin viscoelastic properties can also be
affected to some degree by insufficient curing conditions.

When the pore size is fixed to 0.05 mm x 0.05 mm and the interlayer interfacial
stiffnesses are varied according to Eq. (6) with the tuned parameter a = 56.3, the wave
velocity, attenuation coefficient, and temporal decay rate of interlaminar interface
echoes are shown in Fig. 6 (a), (b), and Fig. 10, respectively. In Fig. 6 (a), the variation
of wave velocity with the porosity content is now favorably compared with the
experimental results. In Fig. 6 (b), the attenuation coefficient for the variable interfacial
stiffnesses hardly changes from the results for the fixed stiffnesses. Similarly, in Fig. 10
the temporal decay rate of interlaminar interface echoes is affected only slightly by
varying the interfacial stiffnesses, and remains to be in reasonable agreement with the

experiment.
5. Conclusion

In the present study, the two-dimensional finite element analysis of the ultrasonic

wave propagation in porosity-containing unidirectional CFRP laminates has been
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carried out by modeling different pore contents and size. The linearly
frequency-dependent attenuation of the porosity-free CFRP and the presence of
interlaminar resin-rich regions have been incorporated in the frequency-domain analysis.
The transient reflection waveforms have been calculated using the inverse Fourier
transform. From the simulated reflection waveforms, the ultrasonic wave velocity,
attenuation coefficient, and the decay rate of the interlaminar interface echoes have been
obtained. The influence of porosity content and pore size on these ultrasonic parameters
has been discussed based on the numerical as well as experimental results.

As a result, it has been found that the wave velocity and attenuation vary
monotonically with the porosity content. The relation between the attenuation and the
porosity content also depends on the pore size. The temporal decay rate of the
interlaminar interface echoes at the stop-band frequency is correlated well with the
porosity content in a manner relatively insensitive to the pore size. By adjusting the
interlayer interfacial stiffnesses according to the porosity content, the agreement
between the measured and computed wave velocity has been improved, indicating that
improper manufacturing conditions vary not only the porosity content but also the
interlaminar interfacial properties. This finding suggests that proper modeling of
interlaminar interfaces is important for analyzing the ultrasonic wave propagation in
composite laminates.

It is also noted that the present two-dimensional numerical simulations assumed
relatively simple geometries of the distributed pores, namely, cylindrical voids all
aligned in the out-of-plane direction. While this is a justifiable approximation for
unidirectional laminates, the pore morphology for other lay-ups such as cross-ply
laminates needs three-dimensional modeling. Such modeling and simulations are left for

future investigations.
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Table 1
Porosity content, thickness, and density of the 24-ply unidirectional CFRP laminate

specimens.

Sample number 1 2 3 4 5 6 7
Porosity content [%] 00 1004 21+06 27+03 31+03 4602 71104
Thickness [mm] 4.54 4.58 4.60 4.60 4.64 4.74 4.80

Density [x 10°kg/m®] 154  1.53 1.52 1.52 151 1.48 1.46

Table 2

Material properties assumed in the finite element analysis.
Number of plies N 24
Density of ply p [x 10°kg/m?] 1.54
Thickness of ply h [mm] 0.19
Complex elastic constants of ply [GPa] Cu 33-0.13i
(transverse isotropy with xs as fiber direction) Ces  13.9-0.291i
Interlayer interfacial stiffnesses [GPa/um] Kn 2.4

Kr 0.8

Density of water pw [x 10° kg/m?] 1.00
Wave speed in water Vw [km/s] 1.50
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Figure captions

Fig.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1 Micrograph of cross-sections perpendicular to the fiber direction of 24-ply

unidirectional CFRP laminate specimens with different porosity contents.

2 Reflection waveforms for a polished surface of an aluminum block by (a) the
2.25 MHz transducer, and by (b) the 10 MHz transducer.

3 Finite element model for a unidirectional CFRP laminate immersed in water.
4 Distributions of pores with different contents and size.

5 (a) Experimental and (b)-(d) numerical reflection waveforms of the
porosity-containing unidirectional CFRP laminates for the nominal frequency
of 2.25 MHz.

6 Variation of (a) wave velocity and (b) attenuation coefficient with porosity
content at 2.25 MHz.

7 (a) Experimental and (b)-(d) numerical reflection waveforms of the
porosity-containing unidirectional CFRP laminates for the nominal frequency
of 10 MHz.

8 Short-time Fourier transform of experimental and numerical reflection

waveforms for different porosity contents.

9 Cross-sections of the short time Fourier transform at 8 MHz for porosity
contents (a) 0.0 %, (b) 2.1 %, and (c) 7.1 %.

10 \Variation of temporal decay rate of interlaminar interface echoes at 8 MHz

with porosity content.

11 Magnification of cross-sections of CFRP laminate specimens in Fig. 1.
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