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Ultrasonic evaluation of ply and interleaf layer properties of interleaved composite laminates
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Abstract

An ultrasonic nondestructive evaluation procedure is presented for the ply and interleaf layer properties of
carbon/epoxy composite laminates having interleaf resin layers at their interlaminar interfaces. It is shown
that the material properties of plies (density, thickness, and transversely isotropic complex elastic moduli)
and elastic interleaf layers (density, thickness, Young’s modulus, and Poisson’s ratio) can be identified by
best fitting the theoretical energy transmission spectra of longitudinal waves through the laminate immersed
in water to those obtained in ultrasonic measurement. It is also demonstrated that compared to the mass-less
and null-thickness spring-type interlaminar interface model employed in the previous works, the present
finite-thickness interleaf layer model can better reproduce the experimental transmission spectra of a
unidirectional interleaved composite laminate containing ultrasonic bandgaps. Furthermore, the property
characterization in the case where the plies and interleaf layers are assumed to be elastic and viscoelastic,
respectively, is also examined. It is also shown that the ply and interleaf layer properties determined for the
unidirectional laminate can be used to reproduce the transmission spectra measured for a quasi-isotropic

laminate consisting of the same plies and interleaf layers.
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1. Introduction

Ultrasonic wave propagation in composite laminates has been studied extensively [1-3], leading to the
proposal of several nondestructive evaluation methods of mechanical properties. For example, the anisotropic
(visco)elastic constants of composite laminates can be identified by measuring the velocity (or time-of-flight)
[4-10]/attenuation [10—13] of bulk quasi-longitudinal and quasi-transverse waves, the critical angles at the
interface between the laminate and its surrounding fluid [14,15], the amplitude transmission spectrum [16,17],
and the dispersion relation of guided waves [18-24]. Besides the average properties of laminates in the
layering direction, the elastic constants of a single ply constituting multidirectional composite laminates can
also be evaluated by accounting for the wave refraction effects at interlaminar interfaces on the bulk wave
velocity [25] and by using the propagation characteristics of Floquet-Bloch waves [26].

Actual polymer-based composite laminates, such as carbon/epoxy and glass/epoxy laminates, have thin
resin-rich regions of a few microns thickness between neighboring plies. When the ultrasonic wavelength is
sufficiently long, the presence of such interlaminar zones has little influence on the wave propagation, and it
is reasonable to assume direct bonding of neighboring plies as in the aforementioned works [4-26]. In
contrast, when the wavelength is comparable with the double ply thickness, the quality of interlaminar zones
plays a significant role as the wave scattering from interlaminar interfaces can cause constructive interference,
resulting in the formation of ultrasonic bandgaps where the wave transmissivity falls to vanishingly low
levels. The wave propagation in such a frequency range has been analyzed by the present authors [27-32] by
modeling the interlaminar resin-rich zones as mass-less spring-type interfaces [33—42] of equivalent
interfacial normal and tangential stiffnesses, and it has been demonstrated that the interfacial stiffnesses,
which reflect the elastic properties of interlaminar zones, can be evaluated from the broadband
reflection/transmission spectra including the bandgaps.

Recently, a variety of fabrication techniques of carbon-fiber-reinforced composites have been proposed
to improve their inherent drawback of low interlaminar strength [43,44], such as the stitching through the
layering direction [45—47], Z-pin [48-50], Zanchor [51,52], and three-dimensional fabric [53,54]. Among
them, interleaving heterogeneous resin layers with a typical thickness of 20-30 um between adjacent plies
has widely been adopted in composites for aircraft structures to enhance the interlaminar fracture toughness

and to restrict the onset of delaminations [55-59].
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In the authors’ previous study [60], wider and deeper ultrasonic wave bandgaps have been observed
experimentally in the transmission spectra of interleaved composite laminates compared to the conventional
non-interleaved ones and reasonably reproduced by the theoretical analysis with the spring-type interlaminar
interface model. In principle, the elastic properties of interleaf layers can be estimated in an approximate
manner from the equivalent interfacial stiffnesses identified by the spring-type interface model [35]. On the
other hand, from a practical perspective, it is an important and intriguing issue to evaluate the interleaf layer
properties more directly by modeling them as an elastic layer of finite thickness. Such modeling was
employed by Wang and Rokhlin [61] in the analysis of the reflection spectrum of a longitudinal wave at
normal incidence to the conventional composite laminates having thin interlaminar resin-rich regions. They
also considered the case of oblique incidence, whereas their main concern was not the inverse determination
of material properties of interlaminar resin layers but the direct problem of a reflection response of low
frequency range where the influence of resin layers was negligible. Okabe and Takeda [62] evaluated the
interleaf layer properties (i.e., density, thickness, Young’s modulus, and Poisson’s ratio) in a destructive
manner by the direct reflection measurement from a single interleaf layer that was exposed by the mechanical
grinding of interleaved composite laminates. When calculating the theoretical reflection coefficients from the
exposed interleaf layer, they neglected the viscoelastic nature of the substrate ply and assumed its elastic
properties to be those evaluated beforehand for a non-interleaved composite laminate specimen. To the best
of the present authors’ knowledge, the characterization of interleaf layer properties in a completely
nondestructive manner has not been addressed in the existing literature.

In contrast to the previous studies, the aim of this paper is to evaluate the ply and interleaf layer properties
of interleaved composite laminates simultaneously and nondestructively using ultrasonic transmission
characteristics. By modeling the fiber-reinforced plies and interleaf resin layers as homogeneous
transversely-isotropic viscoelastic and isotropic elastic layers of finite thickness, respectively, the energy
transmission spectra of plane longitudinal waves at oblique incidence to the laminate immersed in water are
calculated theoretically by the stiffness-matrix method [63,64]. They are then fitted to the measured
transmission spectra to identify the material properties of plies and interleaf layers. The evaluation procedure
is outlined in Section 2 and applied to experimental transmission spectra measured for a 16-ply interleaved

unidirectional composite laminate. The results are compared to the ply stiffnesses evaluated for the same
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experimental data by the spring-type interlaminar interface model as in the previous studies in Section 3. The
applicability of both models is then discussed in detail for composite laminates with different interlaminar
layer thicknesses. While the present evaluation procedure ascribes the viscoelastic nature to the plies only,
the opposite case of assuming the elastic plies and the viscoelastic interleaf layers is also examined briefly.
Finally, the evaluated ply and interleaf layer properties are used to reproduce the transmission spectra of a

quasi-isotropic laminate. The present study is concluded in Section 4.
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2. Evaluation of ply and interleaf layer properties

2.1. Modeling of the composite laminate
To describe the evaluation procedure for the ply and interleaf layer properties from the ultrasonic
measurements, a theoretical model of the composite laminate is first introduced. A unidirectional composite
laminate consisting of N fiber-reinforced plies and N-1 interleaf resin layers which is immersed in water
(density pV and wave velocity ¢V) is considered as shown in Fig. 1. The plies are modeled as homogeneous
transversely-isotropic viscoelastic media and assumed to have the same thickness 4” and material properties
of density p® and complex elastic moduli C?;; (fiber direction is set as the x; axis). The interleaf layers are
modeled as homogeneous isotropic elastic layers and assumed to have the same thickness /' and material
properties of density p', Young’s modulus E', and Poisson’s ratio v'. The plies and interleaf layers are assumed
to be perfectly bonded to each other; namely, the stresses and displacements are continuous across the ply—
interleaf layer interfaces. The total thickness and average density of the composite laminate, denoted by A*
and p", respectively, are related to those of plies and interleaf layers as
ht = NR? + (N — 1)A!, 0

_ NpPh? + (N = 1D)p'A!

Pt He )

Regarding the above modeling of the composite laminate, it is noted here that there is an inherent
difficulty in separating the contributions of the plies and interleaf layers to the viscoelastic loss of ultrasonic
waves. For example, Baltazar et al. [65] showed that for a three-layered structure with double spring-type
interfaces with complex stiffnesses, the dissipative nature of interfaces (i.e., imaginary parts of interfacial
stiffnesses) and the attenuation in the intermediate layer had comparable effects on the reflection spectrum.
For composite laminates discussed here, both the plies and interleaf layers actually have the viscoelastic
nature, but the above nature indicates that it is difficult to quantify the complex-valued stiffnesses of both
constituents separately. Hence, in the present study, the interleaf layers are assumed to be elastic, and the
wave attenuation is solely ascribed to the plies, which appears justifiable due to the relatively small thickness
of the former. This issue is briefly discussed later by examining the results of the opposite case where the

interleaf layers are assumed to be solely responsible for the attenuation in the evaluation.
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Fig. 1 Unidirectional composite laminate consisting of N plies and N-1 interleaf layers immersed in water.

2.2. Evaluation procedure

In the present study, the density pV and the wave velocity ¢V of water, the laminate thickness A%, the
laminate density pt, and the number of plies N are assumed to be known in advance. With this assumption,
the remaining unknown properties (i.e., the thickness 4, the density p', Young’s modulus E', Poisson’s ratio
v of interleaf layers, the thickness AP, the density pP, and the complex elastic constants Cjy of plies) are
evaluated as follows: first, the energy transmission spectra are measured at various incident directions for a
composite laminate immersed in water by the through-transmission method [31] to be explained below in
Section 2.3. It has been demonstrated in Refs. [31,32,60] that the interlaminar interfacial stiffnesses of
composite laminates can be evaluated from the transmission spectra and the bandgap behavior when the
spring-type interlaminar interface model is assumed. In this study, similar transmission measurements are
performed with a broadband incident longitudinal wave in the frequency range where the wavelength is
comparable to the double ply thickness so that the resulting spectra contain several bandgaps. Second, a 14—

dimensional real vector w, defined with the unknown parameters as w = (4, p', E', V!, D11, DP12, D¥22, D%44,
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DPs6, 111, 71712, 722, 7744, #%66) where DP ;= Re(CP1y) and 571, =—-Im(C? ), is then optimized in such a manner

that the following evaluation function J(w) is minimized:

N, N Nf
1 b Tth(w'fr'gq"/’p)
JW) =N ZZZ l0g10 Tex ’ 3)
= e e par

where T, are the experimental energy transmission coefficients for the frequency f = f. (r = 1,2, ..., Ny),

the angle of incidence 6 = 6, (@ = 1,2,...,Ng), and the angle of the plane of incidence ¢ = ¢, (p =
1,2,..,N,). Here, Nf, Ng, and N, denote the numbers of data points of the frequency, the angle of incidence,
and the angle of the plane of incidence, respectively. In Eq. (3), Tt (w, frr0g) (pp) are the theoretical energy
transmission coefficients of a monochromatic plane longitudinal wave for f = f;., 8 = 64, and ¢ = ¢,. They

are calculated by the stiffness-matrix method [63,64] with the optimization variables in w, the a-priori known

properties (N, pV, ¢V, At and p*), and A® and p® given from the conditions Egs. (1) and (2) as

2

- (V - 553)(]’ + Sge) + Sé;esgs ’ @)

where ¥ = cos 8 /(2infpWcW) and SS,, represent the elements of the 6 x 6 global compliance matrix of the
composite laminate (see Refs. [63,64] for details on the derivation of Eq. (4)).
In the optimization in this study, the complex elastic constants of plies are assumed to be independent of

frequency. Furthermore, in Eq. (3), the values of T*" and Ty that are less than 1073 are rounded up to 1073,

and the common logarithm is taken for the ratio between T*" and Tygr in order to include the transmission

characteristics not only for small but also for large angles of incidence where the transmissivity is likely to
be very low. The evaluation function in Eq. (3) is minimized using the MATLAB function “fmincon,” which
is the constrained nonlinear optimization solver based on the interior point algorithm [66]. From physical
reasoning, the constraints on the optimization variables are set as 0 < A' < AY/(N-1), 0 < p' < hpY/[A" (N-1)],
E'>0,0<v'<0.5, D >0, D >0, D4 >0, D% > 0, 5711 > 0, 5722 > 0, 744 > 0, and 66 > 0, where the
upper limits of 4" and p' are given from Egs. (1) and (2) with 2° > 0 and p° > 0.

To validate the above evaluation procedure, it has been applied to the artificial transmission coefficients
computed beforechand by Eq. (4) with material properties representative of interleaved carbon/epoxy

composite laminates. The procedure has been confirmed to reconstruct the original properties as desired.
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2.3. Experimental transmission coefficient data

Following the procedure in Refs. [31,32,60], the energy transmission spectra were measured for a 16-ply
interleaved unidirectional carbon/epoxy composite laminate immersed in water at various incident directions
using the through-transmission method with an ultrasonic polar-scan system (Insight k.k., Tokyo) as
schematically shown in Fig. 2. The polar-scan method has been applied to the damage assessment [67,68] as
well as the identification of viscoelastic properties of composite laminates [10,15]. The experimental system
used in the present study is essentially the same as those in Refs. [10,15,67,68] but applied to the separate
evaluation of ply and interleaf layer properties of composite laminates. Two piezoelectric transducers of
nominal center frequency 10 MHz were used as the emitter and the receiver. They were held by a computer-
controlled rotatable arm in such a manner that their common sound axis intersects a certain point on the
specimen surface at various angles @ and ¢, as shown in Fig. 2, with the separation distance being kept at 58
mm. The receiver had a larger diameter to minimize the influence of the shift of the transmitted beam axis

due to the refraction at the specimen.

Emitter
Center frequency 10 MHz
Diameter 12.7 mm

0° direction

100 mm 16-ply interleaved unidirectional
composite laminate
3.(34 mm
L /
120 mm Receiver
Center frequency 10 MHz
Water Diameter 25.4 mm

Fig. 2 Schematic of the through-transmission measurement.

The laminate specimen (fabricated from Toray T800S/3900-2B prepregs and having interleaf resin layers)
is the same as that used in Ref. [60], and its lateral dimensions are 100 mm x 120 mm. The temporal
transmission waveforms measured at various angles of incidence 6 are shown in Fig. 3 for three representative

angles of the plane of incidence ¢ = 0°, 45°, and 90°. The presence of critical angles is clearly indicated in
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these waveforms, i.e., roughly at 6 = 30° for ¢ = 0°, 8 = 10° and 36° for ¢ = 45°, and 6 = 7° for ¢ = 90°.
These waveforms were then fast Fourier transformed with a rectangular window ranging from 37 to 44 ps,
whose width was chosen to contain the first arrival waves as well as the subsequent ones caused by multiple
reflections inside the specimen, to obtain their power spectra. The resulting power spectra were normalized
by the reference spectrum to compute the energy transmission spectra shown in Figs. 4(a)—(c) (shown in Figs.
4(d)—(i) are the theoretically calculated spectra, which will be discussed in the following sections). Note that
due to the limited bandwidth of the transducers, the spectra in Figs. 4(a)—(c) are depicted for a finite frequency
range of 4 to 12 MHz where the reference signal has at least a quarter of its maximum spectral power (or,
equivalently, a half of its maximum spectral amplitude). Several zones with vanishingly low transmissivity
seen in the f~6 plane in Figs. 4(a)—(c) can be interpreted as ultrasonic wave bandgaps, whose formation
mechanism has been examined in detail in the authors’ previous work [60]. Note here that “bandgap” is
originally a term defining the frequency ranges where wave propagation in infinitely periodic structures is
prohibited, but it will be used below to denote the finite frequency bands where the wave transmission

coefficient for finite layered laminates drops to a very low level.

Amplitude [V]
50 L L 50 L L 50 L 0.2
40 “ - 40 4 | F 40 3
— 30 1. F 30 1 ' - 30 1 \ -
g. 4 0
A
20 r 20 A \ r 20 1 lll r
\
10 1 - 10 1 10 ‘ 5 1
(a) p = 0° m (b) o = 45° (c) ¢ = 90°
0+ ; ; ; 0 ‘ . ; 01— \\m\\ ; ; -0.2
37 38 39 40 41 37 38 39 40 41 37 38 39 40 41
Time [pus] Time [ps] Time [pus]

Fig. 3 Variations of the temporal transmission waveforms measured for the 16-ply interleaved unidirectional
composite laminate specimen with the angle of incidence @ when the angle of the plane of incidence is (a) ¢
=0°, (b) ¢ =45°, and (c) p = 90°.
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Fig. 4 Distributions of the energy transmission coefficient of the 16-ply unidirectional composite laminate
in the plane of the frequency f'and the angle of incidence 8§ when the angle of the plane of incidence is ¢ =
0°, 45°, and 90°. (a)~(c) Experiment. (d)—(f) Theoretical analysis with the interleaf layer model. (g)—(i)
Theoretical analysis with the spring-type interlaminar interface model.

To increase confidence in the evaluation results, the above polar-scan measurement was performed at 15
different locations on the same specimen, and the evaluation procedure outlined in Section 2.2 is applied to
each transmission coefficient data set. The ranges of frequency and incident directions used for the
optimization are set as 4 << 12 MHz (N,;= 106, increment Af= 0.08 MHz), 0° <8 < 50° (Ng=51, A= 1°),
and 0° < ¢ <90° (N, = 7, Ap = 15°). The known properties of the specimen are listed in Table 1, together

with those of water.

10
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204  Table 1 A-priori known parameters for the optimization.

Number of plies N 16

Laminate density p" [x 103 kg/m?] 1.56
Laminate thickness A~ [mm] 3.04
Density of water pV [x 103 kg/m?] 1.00
Wave velocity in water ¢V [km/s] 1.50
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3. Results and discussion

3.1. Evaluation results

The average values of the identified parameters for transmission coefficient data measured on 15 different
positions on the specimen are summarized in Table 2, together with the minimum and maximum ones in
parentheses.

In Table 2, the ply and interleaf layer properties are obtained with relatively small differences between
their minimum and maximum values. The initial guess values were chosen arbitrarily such that they were not
so far away from representative values of carbon/epoxy composites and epoxy resin layers. The optimization
procedure has also been repeated several times with slightly different initial guess values (randomly
fluctuated within £10% of the ones in Table 2) and confirmed to converge to the same point. The identified
complex ply moduli C?;; are representative of the carbon-fiber-reinforced unidirectional composites (e.g.,
[69]). In Ref. [60], the validity of the equivalent interlaminar interfacial stiffnesses evaluated for the present
specimen with the spring-type interlaminar interface model was examined by comparing them with those
estimated from the interleaf layer properties evaluated by Okabe and Takeda [62]. Since there is no other
literature available for the interleaf layer properties of interleaved composite laminates, Ref. [62] is referred
to again here: the present study enables a more direct comparison with the results reported in Ref. [62] since
the finite thickness and elastic property of interleaf layers are accounted for. The density, Young’s modulus,
and Poisson’s ratio of the interleaf layer evaluated in Ref. [62] are, in the present notation, p' = 1.05-1.35 x
10° kg/m?, E' = 3.5-4.8 GPa, and +v' = 0.24-0.42, respectively. Compared to them, the interleaf layer
properties identified in the present study in Table 2 appear reasonable. Furthermore, a micrographic cross-
sectional observation performed for the present specimen provided the interleaf layer thickness of about 23
um as the average for 150 observation points (with a standard deviation of 5.1 um), which is consistent with
the identified value of ' =21.1 pm in Table 2. Therefore, it can be concluded that the evaluation procedure
outlined in Section 2.2, being of nondestructive nature, can successfully be applied to simultaneously
evaluate the ply as well as interleaf layer properties of interleaved composite laminates with reasonable

accuracy.

12
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Table 2 Evaluation results for the interleaved composite laminate specimen.

Initial guess Evaluated value®
Interleaf layer
Thickness A' [um] 15.0 21.1 (20.6-21.5)
Density p' [x 103 kg/m?] 1.20 1.38 (1.37-1.39)
Young’s modulus E' [GPa] 5.0 4.4 (4.4-4.5)
Poisson’s ratio V! 0.40 0.37 (0.36-0.37)
Ply
Complex elastic constants
CPy=DPy—1inty [GPa]
Dy 160 168 (166-173)
D', 8.0 8.0 (7.9-8.1)
D'y 14.0 15.0 (14.9-15.1)
Dy 4.0 3.5(3.5-3.6)
DPss 7.0 6.9 (6.8-6.9)
gt 8.0 6.7 (6.4-7.2)
n'12 0.20 0.42 (0.39-0.45)
N2 0.40 0.43 (0.42-0.45)
n a4 0.20 0.13 (0.13-0.13)
766 0.20 0.24 (0.24-0.25)
Thickness A” [mm]° - 0.170 (0.170-0.171)
Density p® [x 10° kg/m?]° — 1.60 (1.59-1.60)
Evaluation function J at convergence point — 0.11 (0.11-0.12)

2 The average values over the optimizations for 15 different data sets are shown, together with the minimum
and maximum values in parentheses.

b The ply thickness is obtained from Eq. (1) with the identified properties.

¢ The ply density is obtained from Eq. (2) with the identified properties.

The theoretical transmission spectra calculated with the properties identified for the experimental data
set corresponding to Figs. 4(a)—(c) are shown in Figs. 4(d)—(f). The measured transmission spectra in Figs.
4(a)—(c) are quite well reproduced by the present theoretical model in Figs. 4(d)—(f). The theoretical
transmission spectra calculated with the spring-type interlaminar interface model are also shown in Figs.
4(g)—(1) for comparison. Note that in the authors’ previous work [60], the ultrasonic wave transmission
through the interleaved composite laminates was analyzed using the spring-type interlaminar interface model,
and the transmission spectra similar to those in Figs. 4(g)—(i) were reported. In this paper, Figs. 4(g)—(i) are
shown for further discussion of the results newly obtained with the interleaf layer model in Figs. 4(d)—(f), as

below in Section 3.2.
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3.2. Comparison with spring-type interlaminar interface model

3.2.1. Evaluation results based on spring-type interlaminar interface model

The material properties of interleaved composite laminate are now evaluated using the spring-type
interlaminar interface model as in the previous works [27-32,60] to compare with the results of the interleaf
layer model presented above in Section 3.1.

For that purpose, the interleaf layers in the theoretical model (Fig. 1) are replaced with mass-less and
null-thickness spring-type interfaces of finite interfacial normal and tangential stiffnesses, Kn and Kr,
respectively. Accordingly, the evaluation procedure presented in Section 2.2 is modified as follows: first, the
14—dimensional optimization vector consisting of unknown parameters w is replaced with a 12—dimensional
vector wg, = (Kn, Kt, D11, DP12, DP2, D44, D%6s, 7711, %12, 7722, n¥44, #%66). Second, because of the null
thickness of the interfaces, the conditions Eqgs. (1) and (2) are now reduced to A° = AY/N and p® = pt,
respectively. The ply thickness and density are, thus, known in advance from the parameters in Table 1 and
fixed throughout the optimization process. Third, instead of the theoretical transmission coefficients Tt
given in Eq. (4), those of a composite laminate with spring-type interlaminar interfaces Tstl? are used in Eq.
(3), which are calculated by the stiffness-matrix method again with wy, and the a priori known parameters N,
pV, cV, hP, and p® (see Refs. [30,31] for details on the computation of Ts%l). Finally, the constraints originally
set on DP11, D2, DPa4, D66, 511, 1722, 44, and %66 in Section 2.2 are kept the same but those on A', p, ET,
vl are replaced with Kx > 0 and Kt > 0 from physical reasoning.

This procedure was applied to the same experimental data sets used in Section 3.1, and the identified
properties are summarized in Table 3. The obtained interlaminar interfacial stiffnesses differ slightly from
those reported in Ref. [60] since the present optimization is performed for the newly obtained experimental
data. The ply stiffness components in Table 3 are comparable to their counterparts in Table 2. The minimized
values of the evaluation function in Table 2 are all smaller than their counterparts in Table 3, indicating that
the theoretical transmission coefficients with the interleaf layer model better fit the experimental ones than

those with the spring-type interface model.
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Table 3 Evaluation results for the interleaved composite laminate specimen based on the spring-type
interlaminar interface model.

Initial guess Evaluated value®
Interlaminar interfacial stiffnesses [GPa/um]
KN 0.60 0.58 (0.56-0.60)
Kt 0.20 0.22 (0.21-0.23)
Ply complex elastic constants
C?y=DPy—1in"y [GPa]
DPyy 160 148 (146-152)
DPy, 8.0 8.2 (8.2-8.3)
DPy 14.0 15.0 (14.9-15.1)
DPus 4.0 3.4 (3.4-3.5)
DPes 7.0 6.4 (6.3-6.4)
v 8.0 5.5(5.2-6.1)
nP1 0.20 0.27 (0.25-0.30)
nP2 0.40 0.38 (0.37-0.40)
o 0.20 0.12 (0.12-0.13)
1766 0.20 0.20 (0.20-0.21)
Evaluation function J at convergence point - 0.15 (0.14-0.15)

2 The average values over the optimizations for 15 different data sets are shown, together with the minimum

and maximum values in parentheses.

The theoretical transmission spectra with the spring-type interface model shown in Figs. 4(g)—(i) are
calculated with the material properties identified for the experimental data set corresponding to Figs. 4(a)-
(c). For relatively small incident angles, the measured transmission characteristics, including the bandgap
formation, are well reproduced by both models. On the other hand, the spring-type interface model in Figs.
4(g)—(1) fails to reproduce the bandgaps observed experimentally for larger incident angles. To be more
specific, the energy transmission spectra at some representative incident directions (i.e., along some
horizontal crosslines of Fig. 4) are compared in Fig. 5.

In Fig. 5, the experimentally observed bandgaps are indicated by arrows. In the case of normal incidence
in Fig. 5(e), the wave field in the laminate consists only of the pure longitudinal wave propagating in the
layering direction, and it causes the constructive interference to form a bandgap at around 7.5 MHz in the
experimental spectrum (solid line). This feature is well reproduced by the interleaf layer (dotted line) and the
spring-type interface (dash-dotted line) models. When 8 = 8° in Fig. 5(d), the quasi-longitudinal and two

quasi-transverse waves propagate obliquely in the plies, which cause the interference in combination to form

15



293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

a bandgap at around 7 MHz. When 6 = 15° in Fig. 5(c) and 6 = 28° in Fig. 5(b), the quasi-longitudinal wave
becomes evanescent in the plies as the angles of incidence are above the critical angle at the water-ply
interface (about 10°). Hence, the bandgaps appear in these figures due to the interference of quasi-transverse
waves. In Figs. 5(b)—(d), slight quantitative differences are seen between the experiment and the theory, but
the locations of experimentally observed bandgaps are still favorably reproduced by both models. When the
angle of incidence further increases to 8 = 45° in Fig. 5(a), which exceeds the critical angle of the faster
quasi-transverse wave (about 36°), only the slower quasi-transverse wave can propagate in the plies and cause
the interference to form a bandgap at around 7 MHz in the experimental spectrum. For more details on the
wave transmission and bandgap characteristics in unidirectional composite laminates, refer to Refs. [30], [60].
Most importantly, the spring-type interface model exhibits monotonic dependence on the frequency without
any sign of the bandgap formation in Fig. 5(a). In contrast, the interleaf layer model successfully reproduces
the appearance of bandgap at 7 MHz in a reasonable manner. Note here that when computing the evaluation
function defined in Eq. (3) in the optimization procedure, the values of energy transmission coefficient less
than 1073 have been rounded up to 1073 to suppress the influence of vanishingly small transmission
coefficients as mentioned in Section 2.2, which may be responsible for the quantitative difference in bandgap

depth between the experiment and the interleaf layer model seen in Fig. 5(a).
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Fig. 5 Comparison of the experimental and theoretical energy transmission spectra (horizontal cross sections

of Fig. 4) for some representative incident directions. Arrows indicate the locations of experimentally
observed bandgaps.

3.2.2. Applicability to non-interleaved composite laminates

In the authors’ previous works [27-32], the spring-type interlaminar interface model was applied to
evaluate the ply and interfacial stiffnesses of conventional non-interleaved composite laminate specimens.
These specimens had interlaminar resin-rich regions whose thicknesses were a few micrometers and
considerably small compared to the interleaf layers in the composite laminate investigated in this study. The
evaluation procedure in Section 2.2 has also been applied to the experimental transmission spectra measured
for a conventional non-interleaved composite laminate specimen, but the optimization has failed to converge.

This may be partly due to the complicated matrix-fiber geometry of the interlaminar zones, which makes it
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difficult to assign a definite thickness to such zones, but their small thickness may also be a cause of
convergence difficulty.

To further examine the above observation, the evaluation function J(w) in Eq. (3) is computed for artificial
transmission coefficients of 16-ply unidirectional composite laminates with different interleaf layer
thicknesses. They are calculated beforehand using the interleaf layer model in Eq. (4) with the other material
properties fixed to the ones identified for a specific experimental data set in Section 3.1: specifically, they
are set as £'° = 4.4 GPa, p'° = 1.38 x 103 kg/m?, v'° = 0.37, C™° ;; = 166 — 6.91 GPa, C™° 1, = 7.9 — 0.43i GPa,
CP° 9 =15.0 — 0.43i GPa, C™° 44 = 3.5 — 0.131 GPa, C™° 6 = 6.9 — 0.24i GPa, h*° = 0.170 mm, p™° = 1.60 x
10° kg/m?3, where the superscript “o0” has been introduced to denote the properties used for the preparation of
artificial data sets. The ranges and the numbers of frequencies and incident directions used for the
computation of J(w) are the same as before for the application to experimental data sets (see Section 2.3).

Figure 6 shows the intersections of the resulting 14-dimensional evaluation function J(w) and the E'-A!
plane containing its minimum (i.e., the point given by w° and marked with a cross in Fig. 6) when the original
interleaf layer thickness is A° = 3, 10, and 20 um. It is found that the distribution of J tends to become flatter
in the vicinity of its minimum as 4'° decreases. This implies that the minimization procedure of evaluation
function for composite laminates with thinner interleaf layers can be more susceptible to the presence of
noise as well as the random fluctuation of interleaf thickness, which may explain the above-mentioned

unsuccessful optimization for the conventional non-interleaved composite laminate.

(@) h*°=3 ym ®) A =10 um
7 0.4

’\
03 §
El g
= &
= 02
- 2
= g
E
0.1 g
(8]

0

E'[GPa] E'[GPa] E'[GPa]

Fig. 6 E'-h' cross sections passing through the minimum of the evaluation function computed for artificial
transmission coefficient data sets of 16-ply unidirectional composite laminates with interleaf layer
thicknesses of (a) A = 3 um, (b) A = 10 um, and (¢) A'° = 20 um. The locations of minima (i.e., A' = A'°
and E' = E'° = 4.4 GPa used for generating artificial data sets) are indicated by crosses. The contour lines
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correspond to J = 0.005m, where m is a non-negative integer.

In Fig. 6, it is commonly observed for the three interleaf layer thicknesses that the contour lines of J are
elongated around its minimum in a certain well-defined direction. This trend is seen in Fig. 6(c) most clearly
but can still be noticeable in Fig. 6(a). This implies that the ratio between E' and A' (which corresponds
essentially to the interfacial stiffnesses) can robustly be identified even in the case of thin interleaf layers,
suggesting that the use of the spring-type interface model is more suitable for composite laminates with thin
interleaf layers. To support this suggestion, the optimization procedure modified in Section 3.2.1 for the
spring-type interlaminar interface model is applied to the three artificial data sets used above in Fig. 6. The
energy transmission spectra calculated by the spring-type interface model with the so-obtained material
properties are then compared in Fig. 7 to their counterparts in the original data sets for some representative
incident directions. As already noted in Fig. 5, the spring-type interface model fails to reproduce the
transmission characteristics of composite laminates with thicker interleaf layers for large angles of incidence,
as can be seen in Fig. 7(c) for #° =20 pm and 6 = 45°. This limitation is gradually alleviated with decreasing
h'°, and the spring-type interface model is in good agreement with the interleaf layer model even in the large

angles of incidence when A'° = 3 pum in Figs. 7(a), (d), and (g).
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365  Fig. 7 Comparison of the theoretical energy transmission spectra of the interleaf layer model and the ones
366  calculated by the spring-type interface model with the material properties identified for the transmission
367  coefficient data sets of the interleaf layer model. The left, middle, and right columns correspond to the original
368  interleaf layer thicknesses of A = 3, 10, and 20 um, respectively. The bottom, middle, and top rows
369  correspond to the different angles of incidence of = 0°, 15°, and 45°, respectively.

370

371 Therefore, the spring-type interlaminar interface model is more robust for the property characterization
372 of conventional composite laminates with a few micron-thick interlaminar resin-rich zones as in the previous
373 studies [27-32]. On the other hand, the finite-thickness interleaf layer model as employed in the present study
374  is more suitable for modeling interleaved composite laminates with the interleaf layer thickness of 20-30
375  microns, since the experimental transmission spectra are more accurately reproduced with this model, as

376  discussed above in Figs. 4 and 5.

377

378  3.3. Note on the viscoelastic property of interleaf layers
379 The results presented in Section 3.1 have been obtained assuming that the plies are solely responsible for
380  the wave attenuation given the difficulty in distinguishing between the influence of ply and interleaf

381 viscoelastic nature on the transmission spectrum, as mentioned in Section 2.1. On the other hand, it may also
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be of interest to see the results of the opposite case where the wave attenuation is solely ascribed to the
interleaf layers. In this regard, the evaluation procedure in Section 2 is performed again here, except that the
plies are now assumed to be elastic (i.e., #°y = 0) while the interleaf layers are assumed to be viscoelastic
with complex Young’s modulus E' and Poisson’s ratio v!. The present evaluation is applied to one of the
experimental data sets used in Section 3.1, and the obtained results are shown in Table 4.

The ply and interleaf layer properties in Table 4, except for the imaginary parts of E' and V!, are reasonably
compared with those in Table 2. Although there is no literature available for the validation of imaginary parts
of E" and V' identified in Table 4, the particularly high value of Im(E") should overestimate the actual loss
property of the interleaf layers considerably due to the neglect of the viscoelastic nature of plies. The
quantitative evaluation of the viscoelastic properties of both plies and interleaf layers requires additional

information and remains as a subject of future study.

Table 4 Evaluation results for the interleaved composite laminate specimen when the plies and interleaf
layers are assumed to be elastic and viscoelastic, respectively.

Initial guess Evaluated value
Interleaf layer
Thickness A' [um] 15.0 24.6
Density p' [x 103 kg/m?] 1.20 1.37
Complex Young’s modulus E' [GPa] 5.0-0.51 53-1.7
Complex Poisson’s ratio V! 0.40 — 0.051 0.36 — 0.031
Ply
Elastic constants D, [GPa]
Dy 160 176
DPy, 8.0 8.5
D 14.0 15.3
DPu4 4.0 3.7
DPss 7.0 7.0
Thickness A” [mm]? - 0.170
Density pP [x 10° kg/m3]° - 1.60
Evaluation function J at convergence point — 0.19

2 The ply thickness is obtained from Eq. (1) with the identified properties.
b The ply density is obtained from Eq. (2) with the identified properties.
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3.4. Transmission spectra of a quasi-isotropic composite laminate

Finally, it is examined if the ply and interleaf layer properties identified above for the unidirectional
laminate can reproduce the ultrasonic wave transmission characteristics for other layup configurations of
interleaved composite laminates. To this purpose, the energy transmission spectra are calculated for the quasi-
isotropic laminate consisting of composite plies and interleaf layers assuming the stacking sequence [—
45/0/+45/90]s; in accordance with the specimen used in the previous study [60] (the stacking sequence of
this specimen was noted as [-45/0/+45/90],s in Ref. [60] but should be corrected as [45/0/+45/90]s2). This
specimen was fabricated using the same prepregs and interleaf resin layers as the unidirectional specimen
examined in this study. Therefore, the properties of the plies and interleaf layers evaluated for the
unidirectional laminate in Table 2, except for the interleaf layer density, are used to model those for the quasi-
isotropic laminate. The ply thickness is assumed to be the same as that identified for the unidirectional
laminate (i.e., A = 0.170 mm), and the interleaf layer thickness and density are set as ' = 22.8 um and p' =
1.32 x 103 kg/m?, respectively, to comply with the measured thickness A* = 3.06 mm and average density p"
= 1.56 x 103 kg/m? of the quasi-isotropic laminate specimen. It is noted that these values of interleaf layer
thickness and density are within the range obtained in the micrographic observation and the one reported in
the literature, respectively (see Section 3.1).

The energy transmission spectra of the ultrasonic longitudinal wave for the quasi-isotropic laminate were
measured in the manner described in Section 2.3. The experimental results are shown in Figs. 8(a)—(c) for
different angles of the plane of incidence, while the theoretical results based on the finite-thickness interleaf
layer model are plotted in Figs. 8(d)—(f). As mentioned in Section 3.1 for the unidirectional laminate, the
wave transmission and bandgap formation in the present quasi-isotropic laminate were analyzed in Ref. [60]
using the spring-type interlaminar interface model. In this paper, the theoretical transmission spectra thus
obtained are also shown in Figs. 8(g)—(i) to compare with the interleaf layer model. They are calculated using
the ply and interfacial stiffnesses evaluated for the unidirectional laminate in Table 3 with the ply thickness
and density given from the above-mentioned laminate thickness and average density as A° (= A%/N) = 0.191

mm and p® (= pb) = 1.56 x 10° kg/m?.
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It can be seen that the experimental transmission spectra are well reproduced by both models in Fig. 8,
thereby again indicating the validity of the ply and interleaf layer properties evaluated in the present study.
Compared to the transmission spectra of the unidirectional laminate shown in Fig. 4, those of the quasi-
isotropic laminate in Fig. 8 show very low transmissivity for large angles of incidence of about 8 > 30° due
to the significant internal reflection in the multidirectional laminate for obliquely propagating waves. This
loss of transmission somewhat obscures the difference between the predictions of the two models highlighted
for the unidirectional laminate at large angles of incidence, as mentioned in Section 3.2.1. It is, nevertheless,
worth noting that the interleaf layer model still provides a quantitatively better fit to the experimental spectra
of the quasi-isotropic laminate than the spring-type interface model, as the resulting evaluation function
between the experimental and theoretical energy transmission coefficients is J = 0.13 for the interleaf layer
model and J = 0.18 for the spring-type interface model. This feature is consistent with the case of the
unidirectional laminate and also demonstrated in the direct comparison of experimental and theoretical
transmission spectra shown in Fig. 9 for some representative incident directions.

In the case of normal incidence in Fig. 9(e), the experimental transmission spectrum, including the
bandgap formation at around 7.5 MHz indicated by a solid arrow, is very similar to the one in the
unidirectional laminate in Fig. 5(e), as the wave field inside the quasi-isotropic laminate is still governed by
the pure longitudinal wave propagating perpendicularly to the ply fiber directions. Accordingly, the
experimental spectrum is well reproduced by the interleaf layer and the spring-type interface models. For
larger angles of incidence, the propagation characteristics (i.e., wave velocity and polarization) of quasi-
longitudinal and quasi-transverse waves in the plies are influenced by their fiber directions. As a result,
compared to the unidirectional laminate in Figs. 5(b)—(d), quite different spectra containing several bandgaps
are obtained in Figs. 9(b)—(d). The more complicated bandgap formation in these figures, still caused by the
constructive interference of quasi-longitudinal and quasi-transverse waves, can be analyzed by calculating
the energy flux density of partial waves in each ply constituting the quasi-isotropic laminate or using the
Floquet—Bloch wave theory; see Refs. [31] and [60] for more details. The general trends of experimental
spectra in Figs. 9(b)—(d) are reasonably reproduced by the two models. In particular, the interleaf layer model
better fits the experiment, as can be seen around the bandgaps indicated by solid arrows as well as the

locations indicated by dotted arrows. When 6 = 45°, only the slower quasi-transverse wave can propagate in
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the plies constituting the quasi-isotropic laminate due to the evanescent nature of quasi-longitudinal and faster
quasi-transverse waves. Thus, the experimental transmission spectrum in Fig. 9(a) exhibits a simpler
frequency dependence with very low transmissivity, and it is again better reproduced by the interleaf layer

model.

4 6 8 10 12 4 6 8 10 12 4 6 8 10 12
f[MHz] f[MHz] f[MHz]

Fig. 8 Distributions of the energy transmission coefficient of the 16-ply quasi-isotropic composite laminate
in the plane of the frequency f'and the angle of incidence § when the angle of the plane of incidence is ¢ =
0°, 45°, and 90°. (a)~(c) Experiment. (d)—~(f) Theoretical analysis with the interleaf layer model. (g)—(i)
Theoretical analysis with the spring-type interlaminar interface model.
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Fig. 9 Comparison of the experimental and theoretical energy transmission spectra for the 16-ply quasi-
isotropic composite laminate (horizontal cross sections of Fig. 8) for some representative incident directions.
Solid arrows indicate the locations of experimentally observed bandgaps. Dotted arrows highlight the
locations where the interleaf layer model better fits the experiment than the spring-type interface model.
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4. Conclusions

In this paper, the ply and interleaf layer properties of an interleaved composite laminate have been
evaluated nondestructively by best fitting the theoretical energy transmission coefficients of longitudinal
waves through the laminate to the experimental ones. In contrast to the existing works, most of which
addressed the identification of average properties of composite laminates in the layering direction, the ply
and interlayer properties can be identified separately by the present evaluation procedure. Hence, the results
obtained in this study can be helpful when the quality of interleaf layers, which is of great importance for the
structural integrity of interleaved composite laminates, is to be evaluated nondestructively.

The evaluation results based on the finite-thickness interleaf layer model have been compared with those
based on the mass-less and null-thickness spring-type interlaminar interface model adopted in the previous
works. By doing so, it has been shown that the interleaf layer model is more suitable for modeling interleaved
composite laminates with an interleaf layer thickness of 20-30 microns since it reproduces the experimental
transmission spectra more accurately, while the spring-type interlaminar interface model is more robust for
the property characterization of conventional composite laminates with a few micron-thick interlaminar
resin-rich zones. In particular, it has been demonstrated that the bandgaps observed experimentally for
relatively large incident angles of @ > 30° can be reproduced in a clearer manner by the present interleaf layer
model. The ply and interleaf layer properties determined for the unidirectional laminate have been shown to
reproduce the transmission spectra of the quasi-isotropic laminate with good accuracy.

The present study has assumed that either the plies or interleaf layers are solely responsible for the wave
attenuation, thus providing the imaginary parts of the stiffness for either one of them. To evaluate the
viscoelastic properties of both plies and interleaf layers, the present evaluation procedure should be extended
to incorporate additional information to work well without the above assumption, which is left for future

study.

Acknowledgments

This study was partly supported by the collaborative research with the Aerospace Company, Kawasaki Heavy

Industries, Ltd., which also provided the composite laminate samples used here. The authors are grateful to

26



498  the anonymous reviewers for their constructive criticism and comments on the original version of the

499  manuscript.

27



500

501
502

503
504
505

506
507

508
509

510
511

512
513
514

515
516
517

518
519
520

521
522
523
524

525
526
527

528
529
530

References

(1]

(2]

(4]

(6]

(8]

[10]

[11]

D. Chimenti, S. Rokhlin, P. Nagy, Physical Ultrasonics of Composites, Oxford University Press, 2011.
https://doi.org/10.1093/0S0/9780195079609.001.0001.

F. Ricci, E. Monaco, N.D. Boffa, L. Maio, V. Memmolo, Guided waves for structural health monitoring
in composites: A review and implementation strategies, Prog. Aerosp. Sci. 129 (2022) 100790.
https://doi.org/10.1016/J.PAEROSCI.2021.100790.

L. Maio, P. Fromme, On ultrasound propagation in composite laminates: advances in numerical

simulation, Prog. Aerosp. Sci. 129 (2022) 100791. https://doi.org/10.1016/J.PAEROSCI.2021.100791.

M.F. Markham, Measurement of the elastic constants of fibre composites by ultrasonics, Composites. 1

(1969) 145-149. https://doi.org/10.1016/0010-4361(69)90059-7.

R.E. Smith, Ultrasonic elastic constants of carbon fibers and their composites, J. Appl. Phys. 43 (1972)
2555-2561. https://doi.org/10.1063/1.1661559.

B. Castagnéde, J.T. Jenkins, W. Sachse, S. Baste, Optimal determination of the elastic constants of
composite materials from ultrasonic wave-speed measurements, J. Appl. Phys. 67 (1990) 2753-2761.
https://doi.org/10.1063/1.345441.

E.P. Papadakis, T. Patton, Y.-M. Tsai, D.O. Thompson, R.B. Thompson, The elastic moduli of a thick
composite as measured by ultrasonic bulk wave pulse velocity, J. Acoust. Soc. Am. 89 (1991) 2753—

2757. https://doi.org/10.1121/1.400714.

S.I. Rokhlin, W. Wang, Double through-transmission bulk wave method for ultrasonic phase velocity
measurement and determination of elastic constants of composite materials, J. Acoust. Soc. Am. 91

(1992) 3303-3312. https://doi.org/10.1121/1.402847.

A. Martens, M. Kersemans, J. Daemen, E. Verboven, W. Van Paepegem, J. Degrieck, S. Delrue, K. Van
Den Abeele, Numerical study of the Time-of-Flight Pulsed Ultrasonic Polar Scan for the determination
of the full elasticity tensor of orthotropic plates, Compos. Struct. 180 (2017) 29—40.
https://doi.org/10.1016/J.COMPSTRUCT.2017.07.083.

A. Martens, M. Kersemans, J. Daemen, E. Verboven, W. Van Paepegem, S. Delrue, K. Van Den Abeele,
Characterization of the orthotropic viscoelastic tensor of composites using the Ultrasonic Polar Scan,

Compos. Struct. 230 (2019) 111499. https://doi.org/10.1016/J.COMPSTRUCT.2019.111499.

B. Hosten, M. Deschamps, B.R. Tittmann, Inhomogeneous wave generation and propagation in lossy
anisotropic solids. Application to the characterization of viscoelastic composite materials, J. Acoust. Soc.

Am. 82 (1987) 1763—1770. https://doi.org/10.1121/1.395170.

28



531
532

533
534
535

536
537

538
539
540
541

542
543
544

545
546
547

548
549
550

551
552
553

554
555

556
557

558
559
560

561
562

[12]

[14]

[16]

[18]

[19]

[20]

[22]

[23]

B. Hosten, Reflection and transmission of acoustic plane waves on an immersed orthotropic and

viscoelastic solid layer, J. Acoust. Soc. Am. 89 (1991) 2745-2752. https://doi.org/10.1121/1.400685.

S. Baudouin, B. Hosten, Immersion ultrasonic method to measure elastic constants and anisotropic
attenuation in polymer-matrix and fiber-reinforced composite materials, Ultrasonics. 34 (1996) 379-382.

https://doi.org/10.1016/0041-624X(96)00021-2.

S.I. Rokhlin, W. Wang, Critical angle measurement of elastic constants in composite material, J. Acoust.

Soc. Am. 86 (1989) 1876—-1882. https://doi.org/10.1121/1.398566.

M. Kersemans, A. Martens, N. Lammens, K. Van Den Abeele, J. Degrieck, F. Zastavnik, L. Pyl, H. Sol,
W. Van Paepegem, Identification of the Elastic Properties of Isotropic and Orthotropic Thin-Plate
Materials with the Pulsed Ultrasonic Polar Scan, Exp. Mech. 54 (2014) 1121-1132.
https://doi.org/10.1007/s11340-014-9861-7.

B. Hosten, M. Castaings, T. Kundu, Identification of Viscoelastic Moduli of Composite Materials from
the Plate Transmission Coefficients, in: Rev. Prog. Quant. Nondestruct. Eval., Springer US, Boston, MA,
1998: pp. 1117-1124. https://doi.org/10.1007/978-1-4615-5339-7 144.

M. Castaings, B. Hosten, T. Kundu, Inversion of ultrasonic, plane-wave transmission data in composite
plates to infer viscoelastic material properties, NDT E Int. 33 (2000) 377-392.
https://doi.org/10.1016/S0963-8695(00)00004-9.

M.R. Karim, A K. Mal, Y. Bar-Cohen, Determination of the Elastic Constants of Composites Through
the Inversion of Leaky Lamb Wave Data, in: Rev. Prog. Quant. Nondestruct. Eval., Springer US,
Boston, MA, 1990: pp. 109-116. https://doi.org/10.1007/978-1-4684-5772-8 12.

S.I. Rokhlin, D.E. Chimenti, Reconstruction of Elastic Constants from Ultrasonic Reflectivity Data in a
Fluid Coupled Composite Plate, in: Rev. Prog. Quant. Nondestruct. Eval., Springer US, Boston, MA,
1990: pp. 1411-1418. https://doi.org/10.1007/978-1-4684-5772-8 181.

D.E. Chimenti, D. Fei, Scattering coefficient reconstruction in plates using focused acoustic beams, Int.

J. Solids Struct. 39 (2002) 5495-5513. https://doi.org/10.1016/S0020-7683(02)00361-X.

D. Fei, D.E. Chimenti, S. V. Teles, Material property estimation in thin plates using focused, synthetic-
aperture acoustic beams, J. Acoust. Soc. Am. 113 (2003) 2599-2610. https://doi.org/10.1121/1.1561496.

A. Marzani, L. De Marchi, Characterization of the elastic moduli in composite plates via dispersive
guided waves data and genetic algorithms, J. Intell. Mater. Syst. Struct. 24 (2013) 2135-2147.
https://doi.org/10.1177/1045389X12462645.

R. Cui, F.L. di Scalea, On the identification of the elastic properties of composites by ultrasonic guided

waves and optimization algorithm, Compos. Struct. 223 (2019) 110969.

29



563

564
565
566

567
568
569

570
571
572

573
574

575
576
577

578
579
580

581
582
583

584
585
586

587
588
589

590
591

592
593

[24]

[25]

[27]

[29]

[31]

[33]

https://doi.org/10.1016/J.COMPSTRUCT.2019.1109609.

R. Cui, G. Azuara, F.L. di Scalea, Composite elastic property identification through guided wave
inversion and damage detection by data-driven process, Proc. SPIE 11381, Heal. Monit. Struct. Biol.

Syst. XIV. (2020) 1138101. https://doi.org/10.1117/12.2558154.

Y.C. Chu, S.I. Rokhlin, A method for determination of elastic constants of a unidirectional lamina from
ultrasonic bulk velocity measurements on [0/90] cross-ply composites, J. Acoust. Soc. Am. 96 (1994)

342-352. https://doi.org/10.1121/1.410484.

L. Wang, S.I. Rokhlin, Floquet wave ultrasonic method for determination of single ply moduli in
multidirectional composites, J. Acoust. Soc. Am. 112 (2002) 916-924.
https://doi.org/10.1121/1.1498854.

Y. Ishii, S. Biwa, Ultrasonic evaluation of interlayer interfacial stiffness of multilayered structures, J.

Appl. Phys. 111 (2012) 084907. https://doi.org/10.1063/1.4704692.

Y. Ishii, S. Biwa, Evaluation of interlayer interfacial stiffness and layer wave velocity of multilayered
structures by ultrasonic spectroscopy, J. Acoust. Soc. Am. 136 (2014) 183-191.
https://doi.org/10.1121/1.4881920.

Y. Ishii, S. Biwa, Effects of Interlayer Interfacial Stiffness on Ultrasonic Wave Propagation in
Composite Laminates at Oblique Incidence, in: Phys. Procedia, Elsevier, 2015: pp. 372-375.
https://doi.org/10.1016/j.phpro.2015.08.095.

Y. Ishii, S. Biwa, Transmission of ultrasonic waves at oblique incidence to composite laminates with
spring-type interlayer interfaces, J. Acoust. Soc. Am. 138 (2015) 2800-2810.
https://doi.org/10.1121/1.4934265.

Y. Ishii, S. Biwa, Ultrasonic wave transmission and bandgap in multidirectional composite laminates
with spring-type interlayer interfaces, J. Acoust. Soc. Am. 141 (2017) 1099-1110.
https://doi.org/10.1121/1.4976062.

Y. Ishii, S. Biwa, T. Adachi, Evaluation of Interlaminar Interfacial Stiffnesses and Ply Complex Moduli
of Carbon / Epoxy Composite Laminates by Ultrasonic Transmission Characteristics, J. Japanese Soc.

Exp. Mech. 17 (2017) 124-130. https://doi.org/10.11395/jjsem.17.124. (in Japanese)

J.P. Jones, J.S. Whittier, Waves at a Flexibly Bonded Interface, J. Appl. Mech. 34 (1967) 905-909.
https://doi.org/10.1115/1.3607854.

M. Schoenberg, Elastic wave behavior across linear slip interfaces, J. Acoust. Soc. Am. 68 (1980) 1516—

1521. https://doi.org/10.1121/1.385077.

30



594
595

596
597
598

599
600
601

602
603

604
605
606

607
608

609
610
611

612
613

614
615

616
617

618
619

620
621
622

623
624

[35]

[37]

[39]

[41]

[43]

[45]

[47]

S.I. Rokhlin, Y.J. Wang, Analysis of boundary conditions for elastic wave interaction with an interface

between two solids, J. Acoust. Soc. Am. 89 (1991) 503-515. https://doi.org/10.1121/1.400374.

S.I. Rokhlin, Y.J. Wang, Equivalent boundary conditions for thin orthotropic layer between two solids:
Reflection, refraction, and interface waves, J. Acoust. Soc. Am. 91 (1992) 1875-1887.
https://doi.org/10.1121/1.403717.

S.I. Rokhlin, W. Huang, Ultrasonic wave interaction with a thin anisotropic layer between two
anisotropic solids: Exact and asymptotic-boundary-condition methods, J. Acoust. Soc. Am. 92 (1992)
1729-1742. https://doi.org/10.1121/1.403912.

K. Heller, L.J. Jacobs, J. Qu, Characterization of adhesive bond properties using Lamb waves, NDT E
Int. 33 (2000) 555-563. https://doi.org/10.1016/S0963-8695(00)00022-0.

M.V. Golub, Propagation of elastic waves in layered composites with microdefect concentration zones
and their simulation with spring boundary conditions, Acoust. Phys. 56 (2010) 848-855.
https://doi.org/10.1134/S1063771010060084.

M.V. Golub, A. Bostréom, Spring boundary conditions and modeling of 2D wave propagation in
composites with imperfect interfaces, Proc. Int. Conf. Days Diffraction, DD 2010. (2010) 73-78.

Y. Lu, J.D. Achenbach, Effects of random deviations in interface properties on the propagation of
ultrasound in thick composites, J. Acoust. Soc. Am. 90 (1991) 2576-2585.
https://doi.org/10.1121/1.402061.

Y. Lu, Effects of random fluctuations in ply mechanical properties on ultrasound propagation in a

laminated solid layer, Ultrasonics. 30 (1992) 289-295. https://doi.org/10.1016/0041-624X(92)90002-4.

T.K. O’Brien, Characterization of delamination onset and growth in a composite laminate, NASA Tech.

Memo. (1981) 1-60.

Q. Qin, J. Ye, Toughening mechanisms in composite materials, Woodhead Publishing, 2015.

https://doi.org/10.1016/C2013-0-16514-2.

A.P. Mouritz, B.N. Cox, A mechanistic approach to the properties of stitched laminates, Compos. Part A
Appl. Sci. Manuf. 31 (2000) 1-27. https://doi.org/10.1016/S1359-835X(99)00056-1.

X. Sun, L. Tong, M.D.K. Wood, Y.W. Mai, Effect of stitch distribution on mode I delamination
toughness of laminated DCB specimens, Compos. Sci. Technol. 64 (2004) 967-981.
https://doi.org/10.1016/j.compscitech.2003.07.004.

A. Yudhanto, N. Watanabe, Y. Iwahori, H. Hoshi, Effect of stitch density on fatigue characteristics and

damage mechanisms of stitched carbon/epoxy composites, Compos. Part A Appl. Sci. Manuf. 60 (2014)

31



625

626
627

628
629
630

631
632

633
634
635

636
637
638

639
640
641

642
643

644
645
646

647
648
649

650
651
652

653
654
655

[48]

[49]

[51]

[52]

[53]

[55]

[57]

52-65. https://doi.org/10.1016/j.compositesa.2014.01.013.

A.P. Mouritz, Review of z-pinned composite laminates, Compos. Part A Appl. Sci. Manuf. 38 (2007)
2383-2397. https://doi.org/10.1016/j.compositesa.2007.08.016.

S. Kravchenko, O. Kravchenko, M. Wortmann, M. Pietrek, P. Horst, R.B. Pipes, Composite toughness
enhancement with interlaminar reinforcement, Compos. Part A Appl. Sci. Manuf. 54 (2013) 98-106.
https://doi.org/10.1016/j.compositesa.2013.07.006.

B. Zhang, G. Allegri, S.R. Hallett, An experimental investigation into multi-functional Z-pinned

composite laminates, Mater. Des. 108 (2016) 679-688. https://doi.org/10.1016/j.matdes.2016.07.035.

M. Hojo, K. Nakashima, T. Kusaka, M. Tanaka, T. Adachi, T. Fukuoka, M. Ishibashi, Mode I fatigue
delamination of Zanchor-reinforced CF/epoxy laminates, Int. J. Fatigue. 32 (2010) 37-45.
https://doi.org/10.1016/].ijfatigue.2009.02.025.

T. Kusaka, K. Watanabe, M. Hojo, T. Fukuoka, M. Ishibashi, Fracture behaviour and toughening
mechanism in Zanchor reinforced composites under mode I loading, Eng. Fract. Mech. 96 (2012) 433—

446. https://doi.org/10.1016/j.engfracmech.2011.10.015.

A.P. Mouritz, M.K. Bannister, P.J. Falzon, K.H. Leong, Review of applications for advanced three-
dimensional fibre textile composites, Compos. Part A Appl. Sci. Manuf. 30 (1999) 1445-1461.
https://doi.org/10.1016/S1359-835X(99)00034-2.

M. Ansar, W. Xinwei, Z. Chouwei, Modeling strategies of 3D woven composites: A review, Compos.

Struct. 93 (2011) 1947-1963. https://doi.org/10.1016/j.compstruct.2011.03.010.

N. Sela, O. Ishai, L. Banks-Sills, The effect of adhesive thickness on interlaminar fracture toughness of
interleaved CFRP specimens, Composites. 20 (1989) 257-264. https://doi.org/10.1016/0010-
4361(89)90341-8.

H. Kishi, M. Kuwata, S. Matsuda, T. Asami, A. Murakami, Damping properties of thermoplastic-
elastomer interleaved carbon fiber-reinforced epoxy composites, Compos. Sci. Technol. 64 (2004) 2517—

2523. https://doi.org/10.1016/j.compscitech.2004.05.006.

E.N. Gilbert, B.S. Hayes, J.C. Seferis, Interlayer toughened unidirectional carbon prepreg systems:
Effect of preformed particle morphology, Compos. Part A Appl. Sci. Manuf. 34 (2003) 245-252.
https://doi.org/10.1016/S1359-835X(02)00141-0.

M. Hojo, S. Matsuda, M. Tanaka, S. Ochiai, A. Murakami, Mode I delamination fatigue properties of
interlayer-toughened CF/epoxy laminates, Compos. Sci. Technol. 66 (2006) 665—675.
https://doi.org/10.1016/j.compscitech.2005.07.038.

32



656
657
658

659
660

661
662

663
664
665

666
667

668
669
670

671
672
673

674
675

676
677
678
679

680
681
682

683
684
685

686

[59]

[61]

[63]

[65]

[67]

[69]

N. Sato, M. Hojo, M. Nishikawa, Intralaminar fatigue crack growth properties of conventional and
interlayer toughened CFRP laminate under mode i loading, Compos. Part A Appl. Sci. Manuf. 68 (2015)
202-211. https://doi.org/10.1016/j.compositesa.2014.09.031.

Y. Ishii, S. Biwa, Ultrasonic bandgaps in composite laminates: Experimental observation and Floquet-

Bloch wave analysis, Appl. Phys. Lett. 113 (2018) 101906. https://doi.org/10.1063/1.5046150.

L. Wang, S.I. Rokhlin, Ultrasonic wave interaction with multidirectional composites: Modeling and

experiment, J. Acoust. Soc. Am. 114 (2003) 2582-2595. https://doi.org/10.1121/1.1616920.

Y. Okabe, N. Takeda, Quantitative evaluation of interlaminar-toughened CFRP composite by ultrasonic
wave propagation characteristics, J. Compos. Mater. 36 (2002) 757—769.
https://doi.org/10.1177/0021998302036006170.

L. Wang, S.I. Rokhlin, Stable reformulation of transfer matrix method for wave propagation in layered

anisotropic media, Ultrasonics. 39 (2001) 413—424. https://doi.org/10.1016/S0041-624X(01)00082-8.

S.I. Rokhlin, L. Wang, Stable recursive algorithm for elastic wave propagation in layered anisotropic
media: Stiffness matrix method, J. Acoust. Soc. Am. 112 (2002) 822—-834.
https://doi.org/10.1121/1.1497365.

A. Baltazar, L. Wang, B. Xie, S.I. Rokhlin, Inverse ultrasonic determination of imperfect interfaces and
bulk properties of a layer between two solids, J. Acoust. Soc. Am. 114 (2003) 1424-1434.
https://doi.org/10.1121/1.1600723.

R.H. Byrd, J.C. Gilbert, J. Nocedal, A trust region method based on interior point techniques for
nonlinear programming, Math. Program. 89 (2000) 149—185. https://doi.org/10.1007/PL00011391.

M. Kersemans, A. Martens, K. Van Den Abeele, J. Degrieck, F. Zastavnik, L. Pyl, H. Sol, W. Van
Paepegem, Detection and Localization of Delaminations in Thin Carbon Fiber Reinforced Composites
with the Ultrasonic Polar Scan, J. Nondestruct. Eval. 33 (2014) 522-534.
https://doi.org/10.1007/s10921-014-0249-5.

M. Kersemans, 1. De Baere, J. Degrieck, K. Van Den Abecele, L. Pyl, F. Zastavnik, H. Sol, W. Van
Paepegem, Nondestructive damage assessment in fiber reinforced composites with the pulsed ultrasonic

polar scan, Polym. Test. 34 (2014) 85-96. https://doi.org/10.1016/j.polymertesting.2014.01.001.

B. Hosten, M. Castaings, Transfer matrix of multilayered absorbing and anisotropic media.
Measurements and simulations of ultrasonic wave propagation through composite materials, J. Acoust.

Soc. Am. 94 (1993) 1488-1495. https://doi.org/10.1121/1.408152.

33



