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Abstract: A multi-frequency ultrasonic method was proposed to detect and characterize delamination and rich
resin in thick composites with waviness. Addressing the challenges for ultrasonic inspection caused by
waviness, multi-layer structure, and multiple defect types, ultrasound propagation in thick wavy composite
was investigated through a dedicated numerical model built in OnScale®. Key features of ultrasonic testing
and composite sample, including water immersion environment, fiber waviness, uneven inter-ply resin
distribution, and side-drilled hole (SDH)-simulated delamination, were embraced in the model. Via this model,
waviness and thick resin layers were found to cause disturbance and wave vector deviation to inter-ply
reflection signal and thus introduce difficulties for delamination detection based just on the signal to noise
ratio. In addition, reflections from inter-ply resin and SDH were revealed with different reliance on probe
frequencies. Using a 5 MHz probe with time corrected gain, ultrasonic testing in wavy composite was
performed experimentally. Based on the reliance of defect characterization on frequency, SDHs and rich resin
were differentiated experimentally in the B-scan images with various filtering frequencies, demonstrating the
effectiveness of the proposed method for detection and characterization of delamination and rich resin in thick
wavy composite structures.
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1. Introduction

Carbon fiber reinforced polymer (CFRP) composites are being increasingly used for high-performance
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structural applications[1]. Thick composites are widely adopted in aerospace and marine engineering; their
rapid expansion is mainly attributed to the improvement of manufacturing techniques. Despite the
improvements, fiber waviness, local resin rich region and porosity may still occur in complex-shaped
composite structures (e.g., composite fan blade and airfoil)[2]. During the service life, delamination may
develop in-between composite layers. The coexistence of multiple defect types increases the risk of composite
structural failure and also poses the challenge for defect detection and characterization[3-4].

To extend the service life of composite structures and to reduce the potential failures, non-destructive testing
technologies[5-8] including thermography, eddy current, X-ray computed tomography (CT) and ultrasonic
testing (UT) are widely used to detect and characterize different defects in composite materials. The UT is the
prevailing technology for the detection of surface-breaking, near-surface and sub-surface defects in the
composite structures. The main challenges for composite UT inspection are anisotropic properties of composite
materials and high attenuation of the UT waves [9-10]. In addition, the multiple layer structure with thin resin
layers at the interface, also generates undesirable structural noise [11]. Reported research has demonstrated a
good detection capability with UT when only a single defect type like delamination [12], porosity [10] and
fiber orientation (in-plane [13] and out-of-plane waviness [14-16]) is present in the composite structures. Wave
features like wave attenuation and frequency shift can be used to identify delamination and porosity inside the
composites. To evaluate fiber orientation, wave attenuation or phase shift of ultrasound during wave
propagation must be mapped with position information using B-scan and C-scan images. Despite numerous
applications of UT in composite inspection, delamination within wavy composites is seldom reported to be
evaluated with high signal-to-noise ratio (SNR). Local rich resin often develops as waviness blocks the resin
movement. Hence both refraction and scattering occur when the ultrasonic wave is propagating through
waviness region with thick resin layers. When ultrasonic waves (both longitudinal and shear) propagate
through the wavy region and interact with delamination, due to acoustic impedance mismatch between air
within delamination and composite material, they will be reflected with possible mode conversion at the
delamination [17]. To sum up, the composite inter-ply wave reflection, together with the wave refraction and
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scattering caused by waviness, introduces difficulties for defect detection and characterization in composite
materials. To improve detection and characterization of delamination and rich resin in composite structures
with ultrasound, appropriate signal feature should be discerned and extracted to suppress the interference from
waviness.

In order to extract wave features (either in time domain or frequency domain) for defect characterization
within composite structures, wave reflection from delamination, waviness and resin rich layers must be fully
understood. Ultrasound wavelength has a critical influence on the probability of detecting a discontinuity,
including delamination and porosity [18]. A delamination longer than one-half wavelength can reliably be
detected by UT [19]. It follows, once the ultrasonic frequency exceeds a certain threshold, detectability of a
delamination will be independent of inspection frequency. However, Smith [10] proved with both theoretical
and experimental investigation, that inter-ply reflection amplitude of ultrasound is frequency-dependent when
propagating in multi-layer composite. The inter-ply reflection reaches maximum when the inspection
frequency matches the resonance frequency of single ply. Due to the different frequency dependence of
ultrasound reflection of delamination and resin layers, it should be possible to differentiate them in B-scan
images at different frequencies.

Despite that, Smith’s discovery [10], is built on an ideal model of plane wave incident into flat ply with
evenly distributed lamina and inter-ply resin layer along the in-plane direction, and thus no waviness is
investigated. While in other works investigating waviness[20], only simplified models with little consideration
of inter-ply reflection are established based on ray tracing theory. To sum up, the fine details of a complex
structure, including waviness, uneven inter-ply resin, lamina material anisotropy, and defect, can only be
addressed via a dedicated numerical model. Nevertheless, the use of numerical models of ultrasound
propagation through such a complex composite and their interaction with defect for their characterization has
scarcely been addressed. In finite element analysis (FEA), a fine mesh of at least 10 element nodes in one
wavelength was advised for homogenous material [21], but the different ply orientation between neighboring
plies (usually with thickness 100 pm ~ 200 um), as well as the inter-ply resin layer (varying from 5 um to 50
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um), makes the structure heterogeneous to be meshed with extremely small element size. Hence the extremely
large consumption of computation resource to tackle all the complex details entails a specialized numerical
tool integrated with user-defined structure feature. Typically, Chang et al. [22] used PZflex® to model the
propagation of 100 MHz ultrasonic waves through a matrix with fibers, visualizing the complex interactions
and dissipation between them. This model demonstrates the superior computation capability of PZFlex®.
OnScale®, the successor of PZflex®, with newly developed cloud-based computation, offers a more powerful
tool for modeling ultrasound propagation with finite element method. With a further customized model design
in this study, the aforementioned details of real thick composite with waviness, material anisotropy, uneven
resin layer, and defect is integrated into one model with OnScale® for the first time.

In this study, delamination and rich resin characterization in thick wavy composites with uneven resin
distribution is conducted through both numerical modeling and experimental investigation. The principal
novelty of this work is the investigation of the effect of the thick resin layers and the out-of-plane waviness on
the wave propagation within fiber-reinforced composite. The anisotropic properties of the material due to ply
orientation and waviness angle are both taken into account, combined with local rich resin and SDH-simulated
delamination. The quantitative dependence of reflection amplitude on the inspection frequency for
delamination and thick resin layers in PE mode is obtained numerically and compared with experimental
results. It is shown that using the B-scan images formed by the filtered UT signals with different frequencies,
delamination can be differentiated from rich resin layers in the waviness region according to both simulation
and experimental results.

This paper is organized as follows. In Section 2, the challenge of UT of composite with waviness is briefly
addressed, which is followed by an intensive numerical and experimental investigation about the influence of
multiple composite features on ultrasound propagation in Section 3. Based on the obtained results from the
investigation, three side-drilled holes (SDHs) and local rich resins in a thick composite were inspected and

differentiated in Section 4, and final conclusion and discussion are in Section 5.



2. Challenges for UT-based inspection for composites

In this section, the main challenges for UT composite inspection caused by composite internal structure
from micro to macro scale will be discussed in detail. Figure 1(a), obtained from optical microscopy, shows
thin resin layers (approximately 10 um) between fiber layers. These resin layers cause inter-ply reflections
between the front-wall and the back-wall echoes, when ultrasonic wave propagates in composites. At each
interface, for example the interface between layer 1 and 2 as illustrated in Figure 1(a), provided the incident
ultrasonic spatial pulse length larger than the ply thickness, there is significant interference to the ultrasonic
signal from the neighboring layer 3. This interference is more complex in a typical multi-ply composite.
Besides that, the inter-ply reflection will be stronger at resonance if the ultrasonic wavelength matches the odd
number of layer thickness.

During manufacturing of aerospace composite structures with a complex shape and a ply drop layout (e.g.
composite fan blade and aerofoil), fiber wrinkling can easily convert to either in-plane or out-of-plane waviness
due to uneven pressure and heating. These defect types are depicted in Figure 1(b) and (c). As a consequence,
the resin flow is blocked in the wavy region and thick resin layers form between the fiber layers. Both
magnitude and distribution of waviness and inter-ply resin layer show a strong unevenness and randomness,
resulting in the uncertainty of wave scattering intensity and direction at the waviness profile. This uncertainty
increases the difficulty of echo signal interpretation.

Material anisotropy presents another challenge for composite UT inspection. In the immersion testing, a
complex wave refraction and mode conversion pattern will develop on the water-composite interface
depending on the incident angle. This is illustrated in Figure 1(d). If longitudinal waves reach the composite-
water interface at the normal incident angle, the only waves that will refract are longitudinal ones. However, a
skewed incidence will generate both refracted quasi-longitudinal (QL) and transverse (QT) waves in the
composite. Since the multiple refracted waves will continue to interact with the composite layers, very complex
signals will be acquired due to the wave reflection, refraction and the mode conversion. Therefore, we limit
the investigation in this study to normal incident angle, to reduce the difficulty of signal interpretation and
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processing.

The CFRP sample (ply stacking [0/90]26s and sample dimension 15 mm (maximum depth) * 35 mm
(length) * 20 mm (width)) with three 2 mm diameter SDHs was prepared. SDHs were drilled to the half width

of the sample. The X-ray CT images of the sample are shown in Figure 2. Note that the ply drop layout was
used to form the required complex shape. This generated waviness in the 6-10 mm depth range between two
relative straight layers region, also shown in Figure 2. Only the top side, straight surface of the sample was
accessible for inspection, so PE UT method was used. The cross-section images from different widths, obtained
from X-ray CT, show also the out-of-plane waviness and resin rich layers.

The experimental setup for composite inspection, consisting of ScanMaster ultrasonic immersion testing
system (LS-50), Olympus ultrasonic probe (5 MHz) and fixtures, is shown in Figure 3(a). Raster scanning with
a 0.2 mm pitch was conducted at the same water path as the probe focus depth (2 inches). To overcome the
intensive wave attenuation in composite and to suppress system noise, the time-corrected gain (TCG) was used
to improve SNR. Surface following technology (i.e., applying the delay laws to keep the water path constant)
was adopted to compensate for system vibration during the mechanical scanning.

The B-scan images, built from the raw signals captured in defective regions shown in Figure 2, with/without
three SDHs using the 5 MHz probe are displayed for comparison purposes in Figure 3(b) and (c). All three
SDHs were detected, but the SDH3 indication at the deepest position displays some profile distortion. In
addition, some strong reflections of unknown origin can be seen in the B-scan image (indications D, E, F, and
G in Figure 3(b) and some points in Figure 3(c)). From the X-ray images shown in Figure 2, the depth of the
thick resin layer was measured to be 2 mm, the same depth that the indications F and G are located at. In
addition, the close examination of the X-ray image shows that indication E comes from a small-size
delamination. All these structural features and defects are mixed together to form a complex UT B-scan image,
which furthermore increases the complexity of defect detection and characterization in composites.

3. Study of ultrasound propagating in wavy composite

To achieve defect detection and characterization in composite material using UT, wave interaction with
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different types of defects and features (i.e., delamination, resin rich layer and waviness) must be further
investigated. To differentiate delamination from other types of defects based on different interaction patterns
between the defects and ultrasonic waves, a quantitative dependence of defects on the wave frequency will be
analyzed.
3.1. Effect of resin layer on wave propagation
3.1.1. Simulation model setup

FEA tool OnScale® [23] was adopted for numerical modeling first. To investigate the influence of resin
layer on the wave propagation, waviness was first excluded to build a model of flat composite sample. The
model was built with thin resin layers (10 um thickness) between each of the neighboring composite plies,
comprising a layup orientation of [0/90]10s. One of the thin resin layers was replaced by a thick resin layer (50
um thickness), between the composite plies 20 and 21. Water was used as the immersion media to transfer the
acoustic energy from the transducer into the composite sample. Mesh sizes of 3.33 um and 10 um along the
thickness and in-plane directions respectively were assigned to guarantee calculation accuracy. To excite and
sense ultrasound, one array transducer composed of 36 elements (1.05 mm element pitch and 1 mm element
width) was artificially built with the same material as the immersion medium water. Excitation was applied by
pressure loading at the middle surface of specified transducer element, and sensing was realized by extracting
the pressure signal at the same surface. Hence different excitations were enabled by selecting probe elements
at any desired locations. To generate an approximate plane wave normal to the interface between the water and
the composite sample, 36 ultrasonic phased array elements were excited simultaneously. The material
properties for composite ply, epoxy matrix (resin layers), and water are shown in Table 1.
3.1.2. Results and Discussions

A frequency sweeping 2 MHz < f < 12 MHz was performed, with the pressure signal averaged from all
36 probe elements in PE mode, as shown in Figure 4(a). As already discussed in Section 2, by using the
approximate normal incidence wave, the refracted waves are mainly longitudinal one, simplifying the signal
processing and analysis. The reflections from the front wall, the resin layer, and the back wall constitute the
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acquired signal. Following the font wall reflection, the thin resin layer reflection is not clearly observed when
f < 6 MHz, and oscillates in the time domain till attenuating to a negligible value when f > 6 MHz. In
contrast, the thick resin layer reflection is well observed in the investigated frequency domain 2MHz < f <
12 MHz. Hence a quantitative investigation into influence of the resin layer thickness and the probing
frequency on echo signal is performed.

Figure 4(b) shows the magnitude ratio of the resin layers with different thicknesses and the front wall
reflection signals, plotted as a function of frequency. It is observed that the reflection signal from the thin resin
layer is barely noticeable when f < 6 MHz, and then gradually increases to around 0.15 when f = 12 MHz,
while the reflection signal from the thick resin layer increases from 0.1 to 0.3 when 2 MHz < f < 6 MHz, and
then decreases to around 0.22 when f = 12 MHz. Therefore, it can be concluded that the inter-ply reflection
magnitude is dependent on ultrasound frequency. Since the thin resin layers are distributed widely in the
composite, the induced reflection signals oscillate for a long-time duration before the signal amplitude is
negligible. To perform the defect characterization (i.e., differentiate delamination from other defect types) with
PE method, the thin resin layer reflections should be suppressed. For this, the frequencies less than 6 MHz are
more suitable. Furthermore, the alternating lamina-resin layer structure with different resin layer thickness
may have different resonance frequencies. It can also be predicted that with the existence of waviness, inter-
ply reflection may become more unpredictable due to the increase of structural complexity.

3.2. Effect of waviness on wave propagation
3.2.1. Simulation model setup

A novel model with the geometrical features resembling the experimental sample shown in Figure 2 was
proposed and built with OnScale®. The model embraced a [0/90]26s layup orientation, waviness, the thick resin
layer, and the SDHs, in water immersion environment, as shown in Figure 5. Since the ply drop region was
located below the SDHs, and therefore would not affect the SDH reflection in the PE mode, to simplify the
numerical analysis, ply drop was neglected in this study. In addition, a simplified equivalent waviness profile

was modeled above SDHs to qualitatively analyze the influence of the waviness and the thick resin layers on
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the wave propagation.
The out-of-plane waviness was constructed with curved plies, whose y location of each ply in the thickness

direction can be expressed as

1
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where y, denotes the coordinate of flat composites without waviness in the thickness direction, and thus y, —
¥ can be seen as a mapping process between the flat and the curved composite. u,, is the center coordinate of
waviness region in the thickness direction. 4, denotes the entire waviness thickness, and A, the wavelength of
the waviness along the x direction. A is the displacement magnitude of waviness, and tkn denotes the
thickness of the entire composite. Angle a depicts the varying waviness angle in each local area of the
composite. For the same ply, multiple contour lines of equal waviness angle are drawn (see the zoom-in plot
in Figure 5), with two neighboring lines denoting the 1° angle change. The sample parameters are given in
Table 2.
The waviness angle a can be calculated from the derivative dy/dx according to Eq. (1) as

o = arctan(dy / dx)
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Using the geometry parameters from Table 2, three models with different maximum waviness angles 0° (4 =
0), 12° (4 = 0.5), and 20° (4 = 0.86) are built and calculated. Waviness leads to the local rotation of fiber
direction, and attributed to the anisotropy of composite, the material principal direction is hence also rotated.
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Thus, the stiffness matrix of each ply at each local location is rotated by corresponding angle.

Besides the dedicated model of fiber waviness, resin layers of varying thicknesses between neighboring
composite plies were added to the model. Since waved fibers interfere with the resin flow, a thick resin layer
is easier to produce in the wavy than in the flat fiber region. Thus, one thick resin layer 50 pm thick (thickness
from the sample displayed in Figure 2) was built into the wavy region that had the largest waviness (see the
zoom-in plot in Figure 5). In addition, thin resin layers (average thickness 10 um, close to actual resin layer
thickness of the testing sample) were also built between neighboring composites, conforming to the waviness
shape. By doing so, the thickness of thin resin layer varied at different waviness region, but with a constant
thickness of 10 um in the flat region. Finally, three SDHs with 2 mm diameter were modeled at the same
locations as in the test sample. The small delamination shown in Figure 2 was not modelled, since the wave
interaction with delamination and SDHs is similar in the PE mode.

To capture the heterogeneous geometric details for accurate modeling, the same mesh used for modeling of
the flat composite is remained, i.e. a size of 3.3 um and 10 um was assigned along the thickness and in-plane
direction of composite, respectively. In this manner, at least three elements were discretized for most inter-ply
resin regions, except the ones in the waviness region where the resin layer may have quite small thickness.
Same as the case of flat composite, one array transducer composed of 36 elements (0.2 mm element pitch) was
artificially built. To investigate the influence of waviness and SDH1 on the wave propagation, in the FEA
model probe elements 6 to 11 were excited simultaneously, forming an entire probe length 6.3 mm (same as
probe diameter in the experiment), as shown in Figure 5. Central frequency of 5 MHz was used for excitation,
in order to avoid strong reflection from the thin resin layer.

3.2.2. Results and discussions

The calculated velocity magnitude contours at different time instants are displayed in Figure 6, which
indicate clearly the wave excited by probe (see Figure 6(a)), incident into composite sample (see Figure 6(b)),
and scattering from both the thick resin layer and SDH1 (see Figure 6(c) and (d)). The velocity magnitude
contour through the waviness region (12° or 20° waviness angle with one layer of 50 um thick resin therein)
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is scattered irregularly over a large area. This is caused by the complex wave refraction and reflection through
varied fiber orientation. Attributed to the approximate normal incidence and reflection, the echo signal acquired
with the probe can still indicate the existence of SDHI.

To comparatively study the influence of waviness with thick resin layers on the wave propagation, two other
numerical models were also built, including (i) flat composite with one layer of 50 um thick resin and (ii) flat
composite with one layer of 20 um thick resin, and the pressure signals accumulated from the excited six probe
elements corresponding to SDH1 were extracted. For comparison, the experimental signals from four cross
sections (row 15, 20, 25 and 30 in the raster scanning with each row at a scanning pitch 0.2 mm) in the defective
regions with SDH1 were acquired. Normalized pressure signals in both the simulation (see Figure 7(a)) and
experiment (see Figure 7(b)) display an almost stable SDH1 scattering signal regardless of differences in
waviness shape and resin layer thickness. It is because that acoustic impendence along the normal direction
between inter-ply resin and composite ply with carbon fiber (normal to fiber ply direction) is not significantly
different, and only a small portion of incident energy is reflected and most is able to transmit through the
interface. Nevertheless, the normalized pressure signals in the simulation and experiment both display a
significant variation of resin layer wave scattering. Specifically, for waviness with the angles of 12° and 20°
in the simulation model, both the time-of-flight and the amplitude of the thick resin layer reflection signal
change significantly compared to the flat samples without waviness. This change is mainly attributed to the
difference of waviness shape and resin layer thickness. For the case of flat composite with one 50 pm thick
resin layer, the resin layer wave scattering is much larger in magnitude than the SDHI scattering, indicating
the ineffectiveness to differentiate SDHs from resin layers with magnitude-based signal feature (i.e. SNR).

4. Defect and rich resin characterization for wavy composite

In Section 3.2, it was concluded that the inter-ply reflection amplitude at an excitation with central
frequency 5 MHz can even be stronger than SDH reflection, therefore delamination (i.e., SDH) cannot be
differentiated from the thick resin layer reflection based on SNR due to uncertain inter-ply reflection caused
by waviness accompanied by resin layers with different thickness. In this subsection, it will be attempted to
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differentiate the delamination from the thick resin layers, based on the interaction pattern between the defects
and the ultrasonic wave, under different frequencies.
4.1. Signal decomposition with SWT

In order to simplify the test procedure that requires multiple probes with different frequencies, the reflected
signals with a 5 MHz center frequency from simulation were filtered to signals with different center frequencies
from 2.5 MHz to 6 MHz with a 0.5 MHz step using synchrosqueezing wavelet transform (SWT)[24] in
MATLAB®. Due to its high time-frequency resolution, SWT was selected to deal with the ultrasound signals
consisted of multiple sources of reflection.

The raw and filtered waveform and the related wave packet contour of reflected waves from SDH1 through
waviness (maximum waviness angle 12°) and a thick resin layer (50 pm thickness) are shown in Figure 8(a)
and (b), respectively. In the raw signal, reflections from both the thick resin layer and the SDH1 are similar,
which introduce difficulties for defect characterization based on the SNR. However, in the filtered signals, the
signal magnitude of thick resin layer reflection increases with increasing center frequencies. On the other hand,
reflection from SDHI1 decreases gradually with increasing center frequencies. Therefore, a delamination can
be potentially differentiated from a thick resin layer based on the different dependence of defect reflection on
the frequency.

4.2. Effect of combined structural feature and SDH on wave reflection signals

To quantitatively analyze the difference of the wave interaction with thick resin layers and with the SDH
defects, the magnitude ratios of thick resin layer reflection to the front wall reflection are calculated, including
ten simulation and two experimental cases in total. After normalization based on the result at 2.5 MHz, the
magnitude ratios are plotted versus center frequencies in Figure 9(a) and (b), respectively. The resin layer
reflections display an almost monotonic increase in the flat composite, attributed to the approaching of single
ply resonance frequency as the frequency increase. Nevertheless, in the other cases, the resin layer reflections
only show a trend of increase featuring a large variation. This indicates that approaching of resonance
frequency results in the trend of increase, while the magnitude and distribution randomness of waviness and
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inter-ply resin layer leads to the large variation. Particularly, for the cases with a resin layer of 50 pm and
waviness angle 20° (see “angle 20° resin 50 pum SDH1 to SDH3” in Figure 9(a)), the severe magnitude and
distribution randomness of waviness and inter-ply resin layer may explain the phenomenon that the reflection
peak occurs or stops increasing at around 4.5 MHz, instead of 7 MHz in Figure 4(b)). Another interesting
phenomenon is that the magnitude ratio of the resin reflection signal from the case “angle 12° resin 50 pum
SDH2” remains almost stable throughout the investigated frequencies, which may also result from the complex
wave propagation induced by alternating lamina-resin layers with waviness. On the contrary, the normalized
magnitude ratios of SDH to front wall reflection signals (see Figure 9(b)) display an almost monotonic decrease
with the increase of frequency, well validating the conclusion that resin layer and waviness lead to minor
influence on SDH scattering.

To sum up the results, for the flat composite, ultrasound inter-ply rich resin reflection becomes stronger
when ultrasound frequency approaches the ply resonance. In the composite with waviness and local rich resin,
the inter-ply reflection keeps a trend of increase with frequency increase, but due to the complex wave
scattering and deviation at the varied fiber orientations and resin layer thickness, the reflection signal is
severely varied at different frequencies. On the contrary, waviness and uneven thick resin layers result in only
minor variation into SDH reflection. And SDH reflection almost decreases monotonically with the increasing
frequencies. Hence, it is feasible to obtain frequency dependence of defect reflection from the filtered signals
through SWT on a raw signal and subsequently for defect characterization.

4.3. Characterization of defect and rich resin

To characterize the volumetric defects (including delamination and SDHs) and differentiate them from local
resin rich areas, the formed B-scan images of the composite sample in Section 2 constructed from filtered
signals with SWT are shown in Figure 10. From the comparison of B-scans with different center frequencies,
it can be seen that at the frequencies below 3 MHz, only SDH indications (indications A, B, C) and indications
of the unknown origin (indications D and E), are present in the B-scan images. With the increasing frequencies,

these indications become weaker and SDH3 at the deepest position can barely be observed. Intensive
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attenuation of high-frequency ultrasound is likely responsible for these changes. On the other hand, the rest

highlighted indications (indications F, G) in Figure 3 become stronger with increasing frequencies. Therefore,

these indications are likely reflections from the thick resin layers. From the X-ray images shown in Figure 2,

the depth of the thick resin layer was measured to be 2 mm, the same depth that the indications F and G are

located at.

Based on the reflection dependence of different defects on the ultrasonic frequency, as manifested by the
magnitude ratios of defect reflection and front-wall reflection against the filtered frequency shown in Figure
9, the detection and characterization of delamination and rich resin were realized, with the following
conclusions drawn:

i) Indications A, B, and C are SDHs, as indicated by the magnitude drops with the increase of the frequency,
also supported by the numerical simulation, as shown in Figure 9(b).

ii) Indication D is an artifact from SDH3 (as illustrated with simulated velocity magnitude in Figure 6(d))
possibly due to the waviness-induced wave vector deviation. It only shows at the low frequencies and
disappears when the frequency is increased.

iii) The indication E shows the same frequency dependence as delamination. The close examination of the X-
ray image shown in Figure 2 supports the assumption that indication E comes from a small-size
delamination.

iv) According to the numerical simulation results displayed in Figure 9(b), indications F and G can be
attributed to the thick resin layer, since the magnitude increases when the frequency increases.

5. Conclusion and discussion

In this study, the wavy thick composite sample was investigated using numerical modeling and experimental
ultrasonic measurements. Challenges for UT inspection caused by multi-layer structure and multiple defect
types were identified and described in detail. The effect of the thick resin layers and waviness on the wave
propagation was revealed with the dedicated numerical model built in OnScale®. Waviness and thick resin
layers were found to introduce additional inter-ply wave scattering, which acts as noise to SDH and
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delamination reflection signals, causing difficulties in characterization based only on SNR. The dependences
of SDH and thick resin layer reflection magnitudes on frequency were quantitatively analyzed through SWT
filtered signals. This showed to be a promising way to reliably detect and characterize delamination and rich
resin defects. Making use of different defect reflection magnitude dependence on the ultrasonic frequency,
internal delamination and rich resin were successfully detected and characterized. The experimental results
were in close agreement with numerical simulation. Due to the difficulties in the modelling of actual composite
structures with unpredictable in-plane and out-of-plane waviness, only qualitative comparison between
numerical simulation and experimental investigation was conducted. The UT findings were also validated
using the X-ray images of the sample. The application of artificial intelligence (Al) for signal processing of
UT signals will be a next step in our research, which shows potential to ease operator decision making in defect
detection and characterization.
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Figure 1. (a) Wave propagation in multi-layer composites, (b) out-of-plane waviness, (c¢) in-plane waviness
within thick composites, and (d) refracted waves at water-composite interface generated at varied incident

angles.
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Figure 2. X-ray images of composite cross-section (a) with SDHs and (b) without SDHs.
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Figure 3. (a) Experimental setup for immersion UT testing, (b) raw B-scan images at position from Figure 2a

with three SDHs and, and (c) raw B-scan images at position from Figure 2b without any SDH.
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21 and (b) its signal magnitude ratio of resin layer reflection to front wall reflection in flat composite model

19



Probe element (1 - 36 from left to right)

Water
(immersion medium)

Waviness
Composite
plies
Flatness
Water

(immersion medium)

Composite ply waviness
angle

50 um thick resin layer

G ite ply

Contour line of equal
waviness angle

Thin resin layer
(thin region between two
neighboring composite plies)
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Figure 10. Experimental B-scan images of the region with three SDHs with filtering central frequency from

2.5 MHz to 6 MHz.

Table 1 Material parameter of composite ply, resin, and water.

Constituent  Density (kg/m?) Stiffness-related parameter
Stiffness matrix (GPa):
[165.24 6.63 6.63 0
14.32 6.39 0

0
0
Composite ply 1560 1432 0 0
0
A

sym 3.96

5.17

b O O O O O

Young’s modulus (GPa): 4.67
Poisson’s ratio: 0.37
Water 1000 Longitudinal wave velocity (m/s): 1496

Matrix 1301
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Table 2 Geometry parameter of composite with waviness.

Pl
Parameter A (mm) Ay (mm) Ay (mm) Uy (mm) tkn (mm)  Ply number ) Y .
orientation
Value 0/0.50/0.86 15 3 10.5 13.05 104 [0 907265
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