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Abstract: Significant challenges exist in inspecting thick composite laminates for manufacturing
defects and operational damage. This is due to acoustic attenuation and impedance mismatch at the
interface between the different composite layers. An innovative concept for enhancing ultrasonic
testing of such composite laminates is introduced in this study. The proposed solution exploits the
ability of acoustic metamaterials to cloak virgin composite. Herein, we show that by incorporating
carefully designed metamaterials in a pulse-echo ultrasonic testing setup, the position and size of a
delamination in a thick hybrid composite laminate can be determined accurately.
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1. Introduction

Several non-destructive evaluation (NDE) methods were developed to ensure the
integrity of composite structures and to detect manufacturing flaws or damage generated
in them during operation [1,2]. Compared with their metallic counterparts, composite
laminates possess unique characteristics and demonstrate complex fracture and fatigue
behavior. For several decades, NDE methods were broadly used for inspecting thin com-
posite laminates [1,3–10]. However, introducing thick laminated structures, mainly in
marine applications, created new challenges in NDE. Although there are a few studies in
the literature on the inspection of thick laminates, most of them are limited to composites
with a thickness of less than 10 mm or composites that contain near-surface defects [5,11,12].
Based on a recent review by Ibrahim [1], despite considerable efforts being made on several
fronts, there remains the need to develop NDE methods for the accurate inspection and
characterization of internal defects in thick composites.

Thick hybrid composite laminates, which are comprised of layers of different compos-
ite materials, are used in many engineering applications, particularly wind turbine blades.
Often, these composite laminates are fabricated through hybridization of glass- and carbon-
fiber-reinforced polymers and therefore have superior material properties than might be
expected via the rule of mixtures or in a single component [13]. However, studies on the
application of NDE to the inspection of thick hybrid composite laminates are limited. In the
very few references to NDE of hybrid composite laminates in the literature, the laminates
were treated as single-fibre-type composites [14,15], and in some cases, as homogenous
materials [16,17]. Significant challenges exist in identifying manufacturing defects and/or
operational damage in thick hybrid laminates due to acoustic impedance mismatch at the
interface between the different layers [18].

Among NDE techniques, pulse-echo ultrasonic testing (PEUT) is potentially capable
of identifying and characterizing small-sized defects in thin specimens, but the penetration
depth of the waves is reduced in proportion to the thickness of the laminate. A promising
solution to overcome the effects of high attenuation in thick composites can be realized
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using lower frequency and higher power ultrasound methods; however, appropriate
ultrasonic probes are required for such capability.

Fahr et al. [11] used ultrasonic leaky Rayleigh waves to examine small-sized delamina-
tion (thickness less than 0.17 mm) near the surface of a composite structure, approximately
100 mm in thickness. Mouritz et al. [19] studied the NDE of thick fiberglass composites
using the PEUT method in specimens up to 220 mm in thickness and observed a through-
thickness attenuation of 110 dB at 0.5 MHz. They also investigated ultrasonic attenuation
with thickness in highly porous fiberglass structures up to a thickness of 150 mm and found
limited agreement with models developed for this purpose.

Mal [20] investigated the feasibility of employing the low-frequency leaky Lamb wave
technique for the quantitative characterization of relatively thick composite laminates.
However, they observed that the influence of wave scattering appears to be significant
even at frequencies below 2 MHz. After noting the shortcomings of the PEUT method [19],
some researchers examined the capabilities of the through-transmission (send–receive)
mode. Holmes et al. [21] reported relatively accurate measurements using the through-
transmission method to detect defects in a thick aluminum block. In a similar study, Hsu
and Barnard [22] reported an 80% reduction in transmission amplitude from a very thin
composite laminate to one with a maximum thickness of 51 mm.

Over the past two decades, a great deal of research was conducted on acoustic meta-
materials (AMMs), which are artificially structured materials having properties not found
in naturally occurring materials [2]. The primary components of a metamaterial are unit
cells at sub-wavelength scales that make it possible to consider an AMM to be a continuum
medium [3]. Based on their extraordinary properties, AMMs found many applications in
acoustic engineering, such as superlens [4], acoustic cloaking [5], waveguiding [6], wave
filtration [7], wave amplification, and wave enhancement [8].

The present study examines the feasibility of employing AMMs for the quantitative
characterization of delamination in thick hybrid composite laminates. The study introduces
an enhanced PEUT method coupled with specially designed AMMs to detect delamination
in such laminates. AMMs with negative acoustic properties are developed, and their
performance for improving the PEUT method is demonstrated. The AMMs, designed by
adopting transformation acoustics, are proven to cloak the virgin laminate, and hence,
detect any flaw in the composite laminate.

The paper is organized into three sections. The following section discusses the problem
statement and describes the design specifications and effective properties of the AMMs
required for ultrasonic inspection. The results and discussion then illustrate the accuracy
of the new PEUT method in identifying and quantifying delamination in thick hybrid
composite laminates.

2. Problem Statement

Although the NDE of thin composite laminates using PEUT techniques is well de-
veloped, only the complexity of inspecting thick composites is acknowledged in the liter-
ature [1]. Composite components used in ship and marine industries generally possess
very thick sections. The propagation of ultrasound waves in composite laminates with a
high degree of elastic anisotropy is not straightforward. The existence of density variations,
high porosity volume (5–15%), and many interfaces affect the scatter and attenuation of an
ultrasound beam in composite laminates. These effects generally become more severe in
thick hybrid composite laminates. Since these structures may be exposed to extremely high
static and cyclic loads, early detection of flaws and/or defects is vital.

To demonstrate current challenges, the attenuation problem in a unidirectional thick
hybrid composite laminate during ultrasonic testing is simulated using Comsol Multi-
physics 6.0. The mass density and speed of sound for a 40 mm-thick hybrid laminate with
an arbitrary stacking sequence of [G15/C32/G100] are given in Table 1 [18]. The inspection
is conducted using the pulse-echo method with a flat transducer (diameter = 12.7 mm)
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while the composite laminate is immersed in water (Figure 1). A perfectly matched layer
(PML) was placed along the boundary of the entire model to avoid the effects of reflections.

Table 1. Properties of materials and fluids.

Material/Medium Density (kg/m3) Speed of Sound (m/s)

Glass fiber/epoxy composite [18] 2153 (±5 ) 2917 (±3 )

Carbon fiber/epoxy composite [18] 1581 (±5 ) 2614 (±3 )

Water [23] 1000 1481

Air [23] 1.225 343
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Figure 1. A schematic drawing of a thick hybrid composite laminate immersed in water for PEUT.

The PEUT method was simulated by applying an incident wave with a Gaussian
modulated sine shape on the transducer in which the velocity is given as:

Vn(t) = exp

(
− (t− t0)

2

2σ2

)
sin(2π f0t) (1)

where the delay time t0 = 2/ f0 and the standard deviation is given by σ =
√

2/4 f0,
while f0 is the signal center frequency (in this study, 1 MHz). In this simulation, the
40 mm-thick composite laminate contains a 0.025 mm-thick delamination with a length
of 10 mm. Two locations of the delamination were considered: shallow and deep delam-
ination corresponding to 20 mm and 5 mm from the back face of the composite laminate,
respectively. The signal emitted by the transducer travels through the water domain,
impinges the composite laminate and delamination (containing air), and is reflected.
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Acoustic pressure profiles in the water and the composite laminate at different time
steps for two delamination cases are given in Figure 2. It can be seen that due to acoustic
attenuation, the effect of the deep delamination is not significant on the pressure profile.
As shown in Figure 2b, the amplitude of the reflected signal due to the deep delamination
is much smaller than that due to the shallow delamination. Such a weak signal cannot
represent the flaw in the composite laminate, considering its non-homogeneity and the
significant volume of voids.
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Figure 2. Pressure profile showing the source and reflected signals from (a) a shallow delamination
and (b) a deep delamination at various times.

Acoustic pressure profiles averaged over the transducer surface are shown in Figure 3.
When there is no delamination (Figure 3a), the reflected signal from the front and back faces
of the composite can be clearly identified. After introducing the shallow delamination, the
amplitude of the reflected signal due to the defect is about 75% of the incident pressure
(Figure 3b). However, for the deep delamination (Figure 3c), the reflected pressure is
not distinguishable from the back face signal. Only the travel time, which depends on
the distance from the transducer and the speed of sound in different media, was slightly
impacted. Such a small change in the travel time, around 3 µs, makes delamination
detection challenging, considering possible porosity and other manufacturing-related
defects and flaws in the laminate.
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Figure 3. Acoustic pressure measured at the transducer for (a) a virgin composite laminate, (b) a com-
posite laminate with a shallow delamination, and (c) a composite laminate with a deep delamination.

3. Acoustic Metamaterials: Design Specifications

By tailoring the effective acoustic properties, AMMs could be designed to cloak the
virgin composite laminate, allowing the acoustic waves to pass through the laminate
without significant reflection. The acoustic cloaking is achieved by “cancelling out” the
composite laminate for the propagating waves using metamaterials with double-negative
acoustic properties. Since the design of an AMM is based on the acoustic properties of the
virgin composite laminate, any delamination (a small volume filled with air) would be
acoustically visible. As illustrated in Figure 4, due to the negative effective mass density
and negative bulk modulus of the AMM, there will be almost no reflection at the transducer
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when the incident wave impinges on the composite laminate. However, the incident wave
will be scattered after introducing delamination since the AMMs will not cancel out the
internal defects. Using the proposed AMMs, the location and size of any delamination
would be determined regardless of the thickness of the composite laminate.
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Transformation acoustics (TA) is a tool for designing an AMM based on the invariance
of the acoustic wave equation under coordinate transformations [24,25]. A metamaterial
system with effective acoustic properties for canceling the effect of the composite laminate
can be designed using the TA method. In this way, a sound wave incident from a specified
direction will pass through and around the thick hybrid composite laminate as though
the laminate is not present. For cloaking the composite laminate, the following conditions
must be established between the effective mass density, ρ, and compressibility, β, tensors of
the metamaterials and the virgin composite laminate (no delamination in present).

[ρa]
−1 = A[ρc]

−1 AT/detA (2)

βa = βc/detA (3)

where ρa(xa, ya, za), βa(xa, ya, za) and ρc(xc, yc, zc), βc(xc, yc, zc) are the effective mass den-
sity and effective compressibility tensors of the AMMs and the composite laminate, respec-
tively. Note that the effective bulk modulus of the AMM can be calculated as B = 1/β. In
Equations (2) and (3), A is the Jacobian transformation tensor and is given as:

A =


∂x(a)
∂x(c)

∂x(a)
∂y(c)

∂y(a)
∂x(c)

∂y(a)
∂y(c)

∂x(a)
∂z(c)
∂y(a)
∂z(c)

∂z(a)
∂x(c)

∂z(a)
∂y(c)

∂z(a)
∂z(c)

. (4)

In this study, a 2D model made to examine the capabilities of AMMs in enhancing
the NDE of a thick hybrid composite laminate is examined. Therefore, the wave propa-
gation occurs in the x-y plane only, and the z-components in the Jacobian matrix are zero.
Furthermore, in evaluating the Jacobian tensor, the following assumptions are made:

• The lengths of the metamaterials and the composite laminate (in the x-direction, as
shown in Figure 4) are equal. Therefore, ∂xa

∂xc
= 1;

• The thickness of each of the metamaterials is set arbitrarily to be half that of the

composite laminate, which results in ∂ya
∂yc

= −0.5, where the negative sign is to
cancel out the acoustic information of the composite laminate. It should be noted
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that the thickness of the metamaterials does not depend on the thickness of the
composite laminate;

• The transformations in the x- and y-directions are independent, then ∂xa
∂yc

= ∂ya
∂xc

= 0.

Note that the magnitude of the off-diagonal components in the Jacobian tensor de-
pends on the geometry under consideration. However, the non-zero components can be
eliminated for any geometry using the coordinate rotations method [26].

Based on the assumptions mentioned above, the Jacobian transformation tensor re-
duces to:

A =

[
1 0
0 −1/2

]
. (5)

Accordingly, the effective mass density and the effective bulk modulus (where B = 1/β)
tensors of an AMM can be obtained as

ρa =

[
−1/2 0

0 −2

]
× ρc (6)

Ba = −1/2× Bc. (7)

AMMs that exhibit the required acoustic properties in Equations (6) and (7) can be
designed. Many methods for developing acoustic cloaks are given in the literature [27–34].
For example, it was shown that acoustic cloaks could be fabricated using concentric multi-
layered structures with homogeneous isotropic materials [35,36]. Since the purpose of the
present study was to explore the feasibility of using AMMs to enhance the NDE of thick
hybrid composite laminates, the detailed designs AMMs are not presented here.

4. Pulse-Echo Ultrasonic Testing Simulation
4.1. Effective Acoustic Properties of Metamaterials

A thick hybrid composite laminate with a total thickness of 40 mm, as discussed in
Section 2, was considered for the PEUT. Based on the properties of glass fiber/epoxy and
carbon fiber/epoxy layers (Table 1), the effective acoustic properties of the AMMs were
determined using Equations (6) and (7) to cancel out the effect of the virgin composite
laminate. The calculated acoustic properties of the AMM corresponding to the glass
fiber/epoxy composite (AMM1) and carbon fiber/epoxy composite (AMM2) laminates
are presented in Table 2 (see Figure 5 for illustration). Note that the speed of sound in a
metamaterial is calculated using c =

√
B/ρ.

Table 2. Acoustic properties of the designed AMMs.

AMM Orientation Density (kg/m3) Speed of Sound (m/s)

AMM1
x −1076.5 2917

y −4306 1458.5

AMM2
x −790.5 2614

y −3162 1307

4.2. Frequency Domain to Time Domain Conversion

While frequency domain analysis evaluates the delamination size, a time domain
examination is required to determine its location. To this end, the frequency domain
simulation was followed by frequency domain to time domain conversion using an inverse
fast fourier transform (IFFT) solver in the ComSol Multiphysics platform [37]. The IFFT is
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computed for input data ω(f 0), . . . , ω(fN−1), collected from the frequency domain analysis,
using the following expression:

u(tk) = φk

N−1

∑
j=0

ω
(

f j
)
e

2πijk
N (8)

for k = 0, . . . , N − 1. The correction factor φk is defined as:

φk = φk( f0) = e
2πik f0

F (9)

where F = fN − f0, which can be interpreted as a shift in the input values for f0 6= 0. No
negative frequency for real input is chosen so there is no loss of information. The number
of input samples N is defined by N = 2M + 1, where M = f loor((tend − tstart) fmax).
Frequency list fk and time list tj are defined in the frequency domain study and the
frequency-to-time FFT study, respectively [33].
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4.3. Signature Scan: Composite Laminate without Delamination

The virgin hybrid composite laminate was analyzed at the frequency domain with-
and without the designed AMMs to determine the effect of acoustic metamaterials on
the signal intensity. The arbitrary frequency of the incident sound wave, initiated at the
transducer, was 0.7 MHz. The proposed AMMs were incorporated on the top surface of the
composite laminate. The transducer was moved across the width of the laminate from left
to right (x: 55–95 mm) to scan the laminate.

Figure 6a,b illustrates the acoustic intensity profile across the hybrid virgin composite
laminate with and without AMMs. As expected, adding the AMMs significantly increased
the sound intensity through the composite laminate (see Figure 6b). Figure 6c presents
the acoustic intensity magnitude along the dashed center lines, shown in Figure 6a,b. It
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can be observed that the focal point of sound waves moved by approximately 21 mm
in the direction of wave propagation after adding the AMMs, resulting in high energy
transmission through the composite laminate. Additionally, by incorporating the AMMs,
the maximum intensity was enhanced by almost four times, from 2.3 × 108 W/m2 to
8.6× 108 W/m2. Such improvements help to detect deep delaminations and to obtain more
precise and accurate images in the presence of flaws.
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5. Results and Discussion
5.1. Location of Delamination

The hybrid composite laminate with a shallow delamination or a deep delamination,
respectively, located at 20 mm or 5 mm away from the back face (BF), was inspected
numerically. The delamination thickness was 0.025 mm, corresponding to typical peel
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ply thickness, with a length of 4 mm. The mean acoustic pressure over the transducer
surface was recorded (Figure 7). Since the AMMs were added to cloak the virgin composite
laminate, only minimal fluctuations could be seen from the reflected signal, while the
sound waves were traveling inside the laminate without any defect (Figure 7a). The hybrid
composite laminate is acoustically invisible, and only reflected signals from its back face
(BF) can be identified. The black dot in Figure 7a indicates a total travel time of 35.2 µs for
the incident signal to be reflected from the BF and to reach the transducer.
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Figure 7b,c demonstrates an extra peak for the laminate with delamination, regard-
less of the location of the delamination. Although the thickness of the delamination was
0.025 mm, an out-of-phase reflected signal can be identified due to the existence of the
flaw. As shown in these figures, the reflected signal amplitudes due to the shallow and
the deep delaminations are 76.9% and 73.1% of the incident pulse, respectively. Due to
defects, the magnitude of reflected signals is significant in both cases and can easily be
picked up as an abnormality. Furthermore, for the deep delamination (Figure 7c), the
reflected signal is 80% higher than that gained from the conventional NDE method, as
shown in Figure 3c.

The delamination location can be determined by considering the total travel time
for the signal and the associated speed of sound in each medium. The travel times for
the shallow and the deep delaminations are 21 µs and 31.7 µs, respectively (Figure 7b,c).
Hence, the calculated distance between the internal flaw and the BF of the composite
laminate is 20.13 mm (shallow delamination) and 5.10 mm (deep delamination). Comparing
the evaluated locations of the delaminations with their actual positions, errors of 0.65%
and 2% are obtained for the two cases. Based on the presented results, adding AMMs
to conventional PEUT is shown as a promising solution to overcome the challenge of
significant attenuation in thick hybrid composite laminates.

5.2. Size of the Delamination

Locating the defect edge is a common practice for sizing any abnormality in the
inspection of composite laminates. Based on the half-power method [18], it is assumed
that the edge of the defect can be located when the signal drops by 50% or approximately
6 dB. The accuracy of the proposed NDE solution is examined for PEUT of the composite
laminate with deep delaminations of different sizes. Figure 8a,b illustrates attenuation
loss when a conventional PEUT method was used to detect deep delaminations of 10 mm
and 5 mm. Applying the half-power method, the delamination size was estimated to be
14.6 mm and 10.2 mm, which indicates a 46% and 104% error compared to the actual
delamination size.
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Figure 8. Attenuation change for inspection of a deep delamination using (a,b) a conventional pulse-
echo ultrasonic testing (PEUT) method and (c,d) the new method (PEUT with AMMs). Delamination
size for (a,c) = 10 mm and for (b,d) = 5 mm.

In the new PEUT method using AMMs, the behavior of reflected signals from any
internal defect would be different due to the unique acoustic properties of the designed
metamaterials. Therefore, the half-power method may not be used as a threshold for
defect detection, and a new criterion is needed. The change in sound attenuation of a
thick hybrid composite laminate containing a deep delamination length of 10 mm using
the AMM-incorporated PEUT is presented in Figure 8c. The edges of the 10 mm-long
defect start at 70 mm and end at 80 mm across the width of the laminate. Referring to
Figure 8c, the attenuation change at these two locations is about +12 dB. Therefore, when
the new PEUT method is used, a 12 dB increase should be used as the threshold when
determining the delamination size. Note that because the entire composite laminate was
acoustically cloaked, only the delamination, which was filled with air, caused reflections.
Having calibrated the defect edge detection method, the accuracy of the new PEUT method
was examined for delamination lengths of 8, 5, and 4 mm.

The attenuation change in a hybrid laminate with delamination of 5 mm is presented
in Figure 8d. Using the +12 dB criterion, the exact size of the defect is detected. For
other delamination sizes examined in this study, the error arising with detection using a
conventional PEUT method was large (Table 3). Using the PEUT method that involves the
incorporation of AMMs, the error in determining the delamination size was zero, except
when the delamination length was 4 mm when the error was 50%. It should be noted that
the selected frequency for inspection plays a significant role in determining the size of
the delamination. For detecting small defect sizes, a higher frequency could be used. As
can be seen from Table 3, for the same inspection frequency, the accuracy of the detected
delamination size is much higher with the new PEUT method with AMMS compared to
that provided by the conventional technique.

Table 3. Comparison of delamination size detected using conventional and new pulse-echo ultrasonic
testing (PEUT) methods (percentage error is given in the parentheses).

Delamination Length (mm) 8 5 4

Detected defect length (mm)
Conventional PEUT

method 13.2 (65%) 10.2 (104%) 9.6 (140%)

PEUT with AMMs 8 (0%) 5 (0%) 2 (50%)



J. Compos. Sci. 2023, 7, 257 13 of 15

The accuracy of defect sizing, evaluated using the conventional and the new PEUT
methods, is compared in Figure 9. The delamination sizes detected using the new PEUT
method show an excellent match with the actual sizes. In contrast, the use of a conventional
PEUT method yields large errors. The present results demonstrate that the new pulse-echo
ultrasonic testing method that involves the incorporation of AMMs improves delamination
detection in thick hybrid composite laminates and enhances the determination of the
location and size of these defects in such structures.
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6. Conclusions

This study highlighted the challenges in pulse-echo ultrasonic testing (PEUT) of
thick hybrid composite laminates and developed a solution by presenting a new method
that involves incorporating acoustic metamaterials (AMMs) into the PEUT setup. Using
transformation acoustics, metamaterials were designed to cloak the virgin composite
laminate. The capability of the new PEUT method was evaluated using numerical analysis
in the time domain and frequency domain to detect size and locate deep delaminations
in the composite laminate. Delaminations with a thickness of 0.025 mm and lengths as
small as 5 mm were detected accurately in a laminate whose total thickness was 40 mm.
The results demonstrate the feasibility of the new method of inspection. The results of the
numerical simulations confirm the capability of AMMs to improve pulse-echo ultrasonic
testing of thick hybrid composite laminates. Thus, this study paves the way for further
research on designing and fabricating AMMs to enhance the non-destructive testing of
thick hybrid composite laminates.

While introducing a new method to improve the ultrasound testing of thick hybrid
composite laminates, this research paper has certain limitations that pave the way for future
work in the field. Firstly, the study focused on analyzing single delamination, whereas
in practical scenarios, multiple delaminations may exist. Therefore, a fruitful direction
for further research would be to investigate the interaction between delaminations and
their combined effects on the accuracy of the new PEUT method. Secondly, the paper
assumed composite laminates to be homogeneous, neglecting their orthotropic nature.
Future studies could incorporate the orthotropic acoustic properties of composite laminates
to capture their anisotropic behavior accurately. Considering the complex nature of com-
posite materials, accounting for orthotropy would enhance the accuracy of predictions and
enable more realistic modeling of delamination detection and characterization. Addressing
these limitations will contribute to understanding and applying non-destructive testing
techniques for delamination analysis in thick hybrid composite laminates.
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