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Fiber-reinforced polymer composites have excellent mechanical properties
and outstanding development potential and are cost-effective. They have
increasingly been used in numerous advanced and engineering applications
as materials for wind turbine blades, helicopter rotors, high-pressure pipelines,
and medical equipment. Understanding and assessing structural failure
promptly in the whole lifecycle of a composite is essential to mitigating
safety concerns and reducing maintenance costs. Various nondestructive
testing and evaluation (NDT&E) technologies based on different evaluation
principles have been established to inspect defects under different
conditions. This paper reviews the established types of NDT&E techniques:
acoustic emission, ultrasonic testing, eddy current testing, infrared
thermography, terahertz testing, digital image correlation, shearography, and
X-ray computed tomography, which is divided into three categories based on
the operation frequency and data processing means of the output signal that is
directly under analysis. We listed four types of defects/damage that are currently
of great interest, namely, voids and porosity, fiber waviness and wrinkling,
delamination and debonding, as well as impact damage. To identify a
suitable  method for different defects/damage, we  performed
characterization and evaluation by using these NDT&E techniques for typical
defects/damage. Then, the cost, inspection speed, benefits and limitations, etc.
were compared and discussed. Finally, a brief overview of the development of
the technologies and their applications in the field of composite fabrication was
discussed.

KEYWORDS

non-destructive evaluation, fiber-reinforced polymer composites, ultrasonic testing,
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1 Introduction

Fiber-reinforced polymer composites (FRPCs) are defined as composite materials
consisting of a polymer matrix reinforced with fibers, and its structures are in the form of
laminated components. Due to its low weight to modulus and stiffness ratio, corrosion
resistance, tailored performance, and cost-effectiveness (Li et al., 2017b; Jawaid et al.,
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Application of composites in the areas of aerospace, renewable energy, transportation systems, and infrastructure. Photos were reproduced

with permission from (Jeon et al,, 2011; James et al., 2014; Martensson et al., 2017; Jiang and Wang, 2019; Towsyfyan et al., 2020; Laaouidi et al.,
2021; Alves et al., 2022).

2018), the applications of FRPCs have increasingly expanded commonly used types of reinforcement mainly include natural
since the 1980s. As of today, FRPCs are widely used in aerospace and synthetic fibers. Fibers are implemented in different forms as
(Wang et al., 2018; Towsyfyan et al., 2020; Paek et al., 2022), wind randomly oriented, unidirectional, bidirectional, and woven mat
power (Mohamed and Wetzel, 2006), automobile (Salifu et al., form in the matrix (Gupta and Srivastava, 2016). Natural fibers
2022), buildings (Zhang et al., 2020; Xiao et al., 2021), and other (jute, sisal, flax banana, bamboo, etc.) are gaining increasing
fields, as summarized with a few select examples in Figure 1. research interest because of their excellent cost effectiveness, low

The excellent mechanical properties of FRPCs are mainly due density, high flexibility, recyclability, and sustainability (Takagi,
to the integration of reinforcements in the matrix. The 2019). However, low impact strength and high hydrophilicity
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limit the further applications of natural fibers. Restrictions can be
reduced by surface modification methods (George et al., 2001) or
hybridization techniques (Swolfs et al., 2014). Hybrid fibers
composites are materials made by combining different types
or geometric aspects of fibers in the same matrix (Dong,
2018). Related studies focus on experimenting with different
hybridization methods including natural/synthetic hybrid fiber
composites, natural/natural hybrid fiber composites, multiple
type hybrid fiber composites, and multi-scale hybrid fiber
composites and have strongly proven that hybrid fiber
composites provide improved properties compared with
natural fiber composites (Jariwala and Jain, 2019). Synthetic
fibers (glass, carbon, aramid, boron, etc.) have been widely
used in aerospace, transportation, and chemical industries due
to the low density and high specific strength (Hocheng et al.,
1993). At present, carbon fiber-reinforced polymer (CFRP) and
glass fiber-reinforced polymer (GFRP) are the most common
composites materials. The CFRP has been frequently used for
fabricating primary (floor and body beam, skin, wing panel, etc.)
and secondary (hatch doors, fairing surfaces, rudder, etc.)
structures in aircraft and can reduce the weight of the aircraft
by 30% through replacing conventional aluminum alloys (Gay
and Hoa, 2007). The GFRP can be used not only for military
products but also for industrial and civil applications (Li et al.,
2017a).

At present, the main fabrication methods of composite
materials include hand layup, autoclave molding, resin
transfer molding, compression molding (Al-Furjan et al.,
2022), and they can be joined by adhesive bonding,
mechanical fastening, fusion bonding (Irving and Soutis,
2019). As automatic composite fabrication processes, both
automated tape laying (ATL) (Rodriguez-Garcia et al., 2022)
and automated fiber placement (AFP) (Kumekawa et al., 2022)
are commonly used for manufacturing large-size parts and have
less scatter in properties than hand layup. Expensive material and
equipment costs are their main disadvantages (Hanafee et al.,
2019). As such, the manufacturing process of composite
materials covers a series of complex procedures and each
stage will introduce defects/flaws, such as poor materials
handling process and impurities in the environment. FRPCs
suffer from different types and scales of defects/flaws ranging
from tiny fiber faults to big impact damage, which affect the
overall performance and structural integrity of FRPCs, likely
resulting in significant safety implications (Senthil et al., 2013a).
Therefore, understanding the nature, effects, and growth
prediction methods of defects/flaws is hugely significant.
Effective and reliable NDT&E techniques are needed for the
whole lifecycle of a composite to minimize safety concerns and
maintenance costs.

In this review, we will introduce the state-of-the-art common
NDT&E techniques applied to glass or carbon and other FRPCs.
As the market for composite materials continues to expand, the
importance of non-destructive testing of FRPCs has increasingly
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been demonstrated. Indeed, the detection, characterization, and
evaluation of defects/flaws in FRPCs using NDT&E are quite
difficult and complex due to the anisotropy and structural
uncertainty (Zhou et al., 2022) of FRPCs. Also, there is a wide
variety of NDT techniques built upon different principles, and
most of them are complicated (Wang et al., 2020). This imposes
extensive experience requirements on researchers and engineers
to select one or more appropriate NDT&E techniques when
performing specific defect detection on FRPCs. Thus, this article
aims to provide an effective and helpful review of the most
advanced progress in different NDT&E methods for the
characterization and quantification of specific defects. A full
description of all NDT&E methods and defects of FRPCs is
beyond the scope of this article. Only the established technologies
and common and high-impact defects are discussed and
compared in this review.

The main body of the review is organized into Sections 2-4.
Section “The primary types of defects and damage in composites”
introduces and classifies the defects/flaws occurring during the
whole lifecycle of FRPCs. Detailed descriptions of four more
common and harmful defects including voids and porosity, fiber
waviness and wrinkling, delamination and debonding, and
impact damage are also presented. Section “The applications
of NDT&E
development, principles, standard setup, and applications of
the eight established NDT&E techniques. The eight NDT&E
techniques involve acoustic emission (AE), ultrasonic testing

techniques” provides an overview of the

(UT), eddy current testing (ECT), infrared thermography
(IRT), terahertz (THz) testing, digital image correlation (DIC),
shearography, and X-ray computed tomography (CT), which are
divided into three categories based on the operation frequency
and data processing means of the output signal that is directly
under analysis. Section “The applications of NDT&E in detection
and evaluation” compares and discusses the cost, testing time,
benefits, limitations, etc. of each NDT&E technique. Also, an
outlook on the future development of NDT&E technologies in
experimental methods and data post-processing aspects is
provided which may inspire the next generation of NDT&E
technologies for composites.

2 The primary types of defects and
damage in composites

Defects/damage have been demonstrated to occur at any time
during the whole lifecycle of the FRPCs including materials
processing, component manufacture, and in-service stages.
According to the composition of FRPCs, some studies have
systematically categorized defects as matrix, fiber, and
interface/intraface defects (Irving and Soutis, 2019; Zhou
et al, 2022). Matrix defects mainly include voids and
porosities that arise from poor resin infusion; resin-rich

regions due to uneven fiber distribution; matrix cracking
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Classification of defects at different scales and the detection methods.

caused by impact (Heslehurst, 2014). Fiber defects can be poor
material layup processes that result in uneven fiber spatial
distribution and misalignment of fiber orientation (Cinar and
Ersoy, 2015); in-plane fiber waviness and out-of-plane fiber
wrinkling arise from laminate—tool interactions (Pain and
Drinkwater, 2013); fiber breakage caused by severe impact.
The interface/intraface defects are mainly debonding areas
between fiber and matrix; delamination between layers and
debonding between adhesively bonded laminates (Senthil
2013a).
categorization of various defects based on the scale level and a
partial list of specific NDT&E techniques.

et al, Figure 2 presents an overview of the

2.1 Voids and porosity

Voids are the most studied type of manufacturing defects due
to their easy formation during the fabrication of FRPCs. The
definition of voids is areas filled with trapped air or other volatiles
released during curing (Park and Seo, 2011; Heslehurst, 2014).

In modern composite manufacturing processes such as out-
of-autoclave curing (Kratz et al.,, 2013) and automated prepreg
laying (Song et al., 2016), the presence of voids seriously affects
manufacturing efficiency and accuracy. The generation, growth,
and influence of voids during processing are not fully explained.
Moreover, the use of high viscosity resins makes the problem
even more complicated because it is hard to penetrate the original
void spaces between adjacent fibers (Vander Voort et al., 2004).
Thus, voidage has become a significant issue during the
manufacturing process of FRPCs.
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Voids and porosity deteriorate various mechanical
properties, such as interlaminar shear strength, compressive
strength, fatigue resistance, and flexural properties, which are
related to mechanisms leading to a failure (Heslehurst, 2014).
Evaluating the extent of degradation resulting from voids
and porosity is a comprehensive function of void content,
void distribution, and void shape. Porosity is strongly
correlated with certain mechanical properties, and its
nominal acceptance threshold for various FRPCs is 2%
(Park and Seo, 2011). In detail, macroscopic voids are
generated in a large zone of a matrix, mesoscopic voids
fiber bundles
introduced from the inside of a fiber tow, whereas porosity

between and microscopic voids are
is a cluster of microscopic voids.

In general, voids can be formed in different scales: macro,
meso, and micro owing to the multiscale nature of composites
(Mehdikhani et al., 2019). The generation of voids and porosity
can be summarized as follows: 1) trapped air during preparation
(Jeong, 1997) or placement of components (Huang and Talreja,
2005) (primary sources); 2) dissolved moisture or air inside a
resin; 3) chemical reaction products from the resin during curing
(Lundstrom and Gebart, 1994); 4) volatilization of a resin or
organic inclusions at high curing temperatures (Lundstrom and

Gebart, 1994).
2.2 Fiber waviness and wrinkling

Out-of-plane fiber waviness also referred to as wrinkling, is
one of the major and frequently occurring defects in bulky
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structures and components with high thickness (Altmann et al.,
2015). Fiber waviness is one common defect defined as a wave-
formed ply and/or fiber deviation from a straight alignment in a
unidirectional laminate (Thor et al., 2020). Over the past years,
many attempts have been made to understand the mechanisms
behind waviness formation. Out-of-plane fiber waviness may be
divided into several groups based on the formation mechanism
(Alves et al., 2021): consolidation-induced defects due to pressure
deviations (Belnoue et al., 2018); bulk effect and consolidation
over an external radius induced wrinkles (Dodwell et al., 2014);
local compression as the material shear during forming induced
wrinkles (Sjolander et al, 2016); and a combination of ply-
bending and lack of interply shear (Farnand et al, 2017). The
fabrication technology and processing parameters can
significantly influence the formation of fiber waviness. As
such, the sources of fiber waviness generation in composite
materials (Kulkarni et al., 2020) during their manufacturing
(Potter,  2009),

and tool

mainly include temperature gradient
(Pottavathri, 2015),
interaction (Potter et al., 2005), as well as fiber mismatch
(Marrouze et al., 2013).

The effect of fiber waviness/wrinkling on mechanical

consolidation component

properties in FRPCs has been widely noted. The fiber wrinkles
influence the mechanical properties specifically reducing their
compressive and tensile strengths in the longitudinal and
transverse directions (Adams and Hyer, 1994; Zhao et al,
2017). Additionally, researchers have identified that the
flexural load-carrying capacity is affected due to the out-of-
plane fiber waviness in FRPCs. Fatigue properties are also
limited by the defect of layer waviness. For more specifics,
readers can refer to (Khan et al, 2006; Horrmann et al,
2016a; Horrmann et al., 2016b).

2.3 Delamination and debonding

Laminates containing combinations of matrices and fibers
are assembled to form FRPCs for the production of required
material properties in different orientations. Laminates exhibit
outstanding mechanical, thermal, and electrical properties in
terms of geometry and structure (Steinmann and Saelhoff,
2016; Askaripour and Zak, 2019). The low transverse and
interlaminar shear strength due to laminar structures are
prone to produce delamination and debonding, which are two
of the most frequent and dangerous failure modes in FRPCs
(Bolotin, 1996; Karbhari, 2013; Han et al., 2020). Delamination is
an interface/intraface defect spreading parallel to the fiber
arrangement directions between laminates or within a
laminate. Debonding is an unintentional separation between
laminates in an adhesively bonded joint at macroscopic level.

Delamination is caused by 1) insufficient wetness of fibers or
incompatible materials blended together during component
preparation (Bao et al, 1992; Spearing and Evans, 1992); 2)
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mismatch between laminates or mishandling of components in
the manufacturing process (Simanjorang et al.,, 2018); and 3)
applied static and cyclic tensile loading or low- and high-velocity
impacts during service time (Lee et al, 2006). Although
delamination accompanies all of the aforementioned failure
processes, it prefers to grow under compressive stress either
from direct compressive loading or bending loads (Olsson, 1992;
Greenhalgh, 2009). In a short time, the degradation due to
delamination concentrates on accelerated damage growth and
premature failure. Over time, further degradation is caused by
moisture or contaminant ingress once delamination has formed
(Olsson, 1992).

Adhesive bonding is an advantageous connection method,
which has been used for joining primary composite structural
components in aerospace and automotive structures. Different
from mechanical joints which have stress concentrations
around fastener holes, the stresses in adhesive bonding are
distributed over the entire bond area (Senthil et al., 2013a).
Debonding is discrete regions where the composite joint is not
bonded together that arises from manufacturing issues,
presence of entrapped air or damages during services
(Senthil et al, 2013b). Under compressive loading, the
growth and expansion of debonding can lead to joint failure
at stress levels well below the material capability and finally
affect the performance of structures.

More specific studies on delamination and debonding failure
modes of FRPCs can be found in (Kim, 1997; Kim and Kwon,
2004; Wang et al., 2005; Meng and Wang, 2015).

2.4 Impact damage

Impact damage is a frequent and complex feature consisting
of randomly distributed median and lateral cracks and overlaying
delamination of different sizes and shapes (Rus et al., 2020).

Most of the impacts on a composite structure will occur in
the transverse direction. Owing to the vulnerable interface
strength in the thickness direction (Jawaid et al, 2018;
Wronkowicz-Katunin et al., 2019), FRPCs are prone to failure
of various modes including visible (dents, fracture, crushing, etc.)
and invisible (delamination, debonding, cracks, etc.) impact-
induced damage which severely reduces the integrity and
durability of composites structures (Agrawal et al, 2014).
FRPCs
manufacturing and service time, which restricts the safe

are susceptible to impact damage during
utilization of composite materials.

Many researchers have classified impact damage, but there is
not a clear transition between categories. Typically, impact
damage is classified as low-velocity impact (LVI), high-
velocity impact, and hyper velocity impact based on the speed
of impact. Sjoblom et al. (1988) defined LVI to be within the
range of 1-10 m/s depending on the target stiffness, material

properties, and the impactor mass. Razali et al. (2014)
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summarized that LVI occurs at speeds below 11 m/s and may be
caused by dropped tools during maintenance operations. Irving
and Soutis (2019) defined LVI as events that can occur in the
range of 4-10 m/s with energies up to 50J. While high-velocity
impact arising from ballistic impact occurs in the range of
300-2,000 m/s and 10-20 kJ. Moreover, hypervelocity impact
usually refers to the impact of space debris on a spacecraft at
velocities on the order of 30-70 km/s.

Herein, we mainly focused on LVI damage, which can be
loosely described as impact at low speeds. LVI damage may not
have any damage indication on surfaces by visual inspection but
may have already occurred inside the structure (Zhang and
Richardson, 2007). Thus, the damage is known as barely
visible impact damage (BVID), which significantly affects the
properties of composites. Normally, LVI produces indentation
on a surface, interlaminate delamination, intralaminates cracks,
and finally fiber breakage at the bottom if impact is critical. The
formation of BVID is attributed to compression and interlaminar
and intralaminar shear stress that exceeds the tolerance
limitation once impact occurs (Davies and Zhang, 1995). The
specifications and requirements of BVID have been modified to
quantitively evaluate the damage in aircraft manufacturing fields
(Talreja and Phan, 2019). The BVID is defined as “small damages
that may not be found during heavy maintenance general visual
inspections using typical lighting conditions from a distance of
5 feet” (Fawcett and Oakes, 2006) for the Boeing 787 composite
airframe. According to the associated probability of detection,
Airbus defines BVID as detectable damage with 90% probability
with a confidence interval of 95% (Fualdes and Morteau, 2006).
Usually, the dent depth for BVID is set at 0.3 mm after
considering relaxation and the method of inspection (Fawcett
and Oakes, 2006). Many other standards have been reported
regarding the specification, definition and quantitative
assessment of BVID, including ASTM-D7136, EASA CS
25.571, and Airbus AITM-1.0010 (Sun and Hallett, 2017;
Irving and Soutis, 2019).

2.5 Simulated defects

For all types of NDT&E technologies, the validation and
calibration of the techniques by the characterization of the
defects/damage are indispensable parts. Simulated defects are
representative NDT&E
standards as known defects. Based on a standard, the size,

frequently utilized to develop

shape, and depth of the detected defects by an inspection
technique can be compared with the simulated defects
The the
effectiveness and limitation of NDT&E technologies and
the
requirements.

quantitatively. assessment can determine

guide corresponding calibration to meet testing

Importantly, the design, selection, and
manufacture of simulated defects must be able to represent

the relevant characteristics of real defects to obtain an
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accurate assessment. Moreover, simulated defective samples
are utilized to establish standard samples, which reduce the
time to calibrate technology and reduce costs. These also help
the trainees to gain experience with realistic samples and
will reduce the variability between inspectors (Dayal et al.,
2018).

Simulated defects in FRPCs are usually associated with
interface/intraface defects and impact-induced damage. Thin
bagging film with a thickness below 13 pm is commonly used
to simulate delamination between two laminates in composite in
fracture mechanics test standards (Juarez and Leckey, 2018). The
film should have the properties of low adhesion material and high
tensile strength to be easily separated from the epoxy resin and
pulled out of the composite without a tear (Bahonar and
Safizadeh, 2022).
delamination

The main materials used to simulate
Teflon
(polytetrafluoroethylene (PTFE)), ethylene-propylene fluoride

and debonding include
(FEP), Mylar polymer films. Among them, Teflon is the most
commonly used material (Montinaro et al, 2018). Some
(FBHs) to

simulate delamination at different depths (Junyan et al., 2015;

researchers have also used flat-bottom holes

Kalyanavalli et al., 2018). Furthermore, simulation of impact-
induced damage is relatively easy, usually using impactors to
impact the composite at different energies.

The detection and evaluation of simulated defects help to
calibrate the parameters and setups of NDT&E methods. (Bang
et al., 2020). utilized a dataset of thermographic images of
composite materials with simulated impact surface damage to
verify and improve the deep learning system reliability. In
composite defect detection using air-coupled ultrasonic (ACU)
testing, a simulated delamination is also used to provide datasets
for a support vector machine (SVM) classifier to improve
delamination identification accuracy (Bahonar and Safizadeh,
2022). Additionally, (Maierhofer et al, 2014), proposed to
compare the ability of flash thermography using reflection and

by assessing a simulated
CFRP The results
demonstrated transmission configurations have better lateral

transmission  configuration

delamination in stepbar samples.
damage area evaluation accuracy and worse depth detection
capability than reflection configurations, which contributes to
the improvement of transmission testing systems.

Simulated defects are also significant for quantitatively
evaluating and finding the limits of NDT&E technologies.
Probability of detection (PoD) analysis as a quantitative
measure is widely used to evaluate the inspection reliability
of traditional NDT&E techniques (Ahmad, 1989; Muller et al.,
2006). As a statistical method, PoD requires a large number of
samples having defects ranging from non-detectable to
minimum detectable sizes and larger (Peeters et al., 2018).
Duan et al. (2019) utilized PoD analysis to compare the
obtained inspection results for a set of impacted CFRP
plates by employing UT and pulsed thermography testing
(TT) approaches. The result indicated that thermography
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Classification of different NDT&E technologies in the frequency domai

testing has a smaller defect size (~11.43 mm) at 90% PoD with
95% confidence level than UT (~16.2 mm). A CFRP sample
with a simulated delamination was detected and evaluated by
PoD analyses of line scan thermography (LST) (Peeters et al.,
2018). Delamination simulated by Teflon inserts has lateral
sizes ranging from 3 to 15mm placed between each
consecutive ply at different depths. The detection rate is
less than 28% to detect the delamination on larger depths
(>1 mm) and higher than 84% for the very shallow defects of
0.2-1 mm. For some other studies on quantitative analysis of
detection techniques using simulated defects in FRPCs, the
reader is referred to (Yang et al,, 2013; Junyan et al., 2015;
Kalyanavalli et al., 2018; Sun et al., 2019).

3 The applications of NDT&E
techniques

NDT&E means a wide range of analytical technologies used to
test, characterize or evaluate the properties of a material, component,
or system for characteristic differences or defects and discontinuities
without causing damage (Cartz, 1995). NDT&E technologies are
utilized during or after fabrication process and on FRPCs products in
service. During the manufacturing stages, the application of NDT&E
technologies determines the quality of the product and its lifetime
before failure. During the service stages, NDT&E technologies are
used to inspect arising defects/damage and evaluate the structural
properties for safety in service. As an integral part of the structural
health monitoring (SHM) system, NDT&E technologies also
contribute to monitoring the damage development and estimating
remaining life. Each technique has a unique detection potential and
does not allow a full evaluation of defect information and the damage
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state of the material (Duchene et al., 2018). Thus, choosing one or
several combined suitable NDT&E technologies according to different
conditions is very important. The considerations can be mainly
classified into defect/damage conditions (type, location, shape, size,
etc.), testing requirements (the accuracy, speed, and cost of detection),
and detectability of NDT&E technologies (the penetration, sensitivity,
resolution, contrast and the subsequent limitations of the NDT&E
method under consideration).

Any classification of NDT&E techniques is quite difficult due
to many criteria and considerations involved. There are several
common methods to classify NDT&E techniques into different
groups such as the way a test is conducted, the position of
measuring sensor relative to the surface of composite material
being tested, the safety issues of the inspection site, and the type
of output signal involved (Nsengiyumva et al.,, 2021). Among
them, the classification based on the type of output signal
involved as the signature of each NDT&E technique is often
attempted by researchers and engineers (Garnier et al., 2011;
Askaripour and Zak, 2019). NDT&E techniques utilize the
variable portions of a frequency spectrum of output signal to
detect and characterize defects (Gupta et al., 2021). Based on the
operation frequency and data processing means of the output
signal that is directly under analysis, NDT&E techniques can be
divided into three categories: acoustic wave-based NDT&E,
techniques-based NDT&E,
techniques-based NDT&E, as shown in Figure 3.

electromagnetic and imaging

3.1 Acoustic wave-based NDT&E

Acoustic wave-based NDT&E utilizes different modes of
emitted energy emissions to a composite sample, and the
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Schematic of system setups: (A) a typical AE system setup; (B) a UT system setup with immersion detection.

received acoustic waves from reflection, refraction, scattering and
transmission are investigated to identify and detect defects/
damage. As typical acoustic wave-based NDT&E technique,
acoustic emission and ultrasonic testing are discussed in this
section.

3.1.1 Acoustic emission

AE is a physical phenomenon of radiation of acoustic
(elastic) waves in solids caused by the rapid release of internal
energy from a localized source or sources within a material
(Zhang et al, 2012; Barile et al., 2020). AE measurement is
utilized to detect elastic waves produced by the damage in the
tested composites through arrays of highly sensitive transducers.
Therefore, unlike UT, AE testing is a passive, receptive and
dynamic technique to receive the acoustic signal at the
moment of defect occurrence. Figure 4A illustrates the
schematic of a typical AE system setup. Thus, AE technology
can monitor and sense defects such as fiber breakage, matrix
cracking, debonding, and delamination based on the analysis of
released elastic waves (Hamstad, 1986). The development of AE
technology began in the early 1950s when Kaiser discovered the
AE phenomenon in the deformation process of metals such as
steel, copper, and lead (Kaiser, 1950). AE-based NDT&E
technique can be detected in frequency ranges from several
Hz infrasonic waves to several MHz ultrasonic waves, but
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most of the released energy is within the 1kHz to 1 MHz
range. The main applications of AE-based NDT&E technique
are focused on source location (Li and Yan, 2013), structural
defect detection (Liu, 2021), and health monitoring (Romhany
et al., 2017).

In AE monitoring of FRPCs, the researchers have attempted
to investigate microscopic damage mechanisms by focusing on
AE signal parameter analysis (Guo et al., 2013) such as AE signal
amplitudes, rise time, decay time, characteristic frequency, etc.
Defects like microcracks in the matrix, debonding, and fiber
breaks in laboratory-scale test specimens have different signal
amplitudes or other AE signal magnitude parameters
(Awerbuch, 1997) which can be used to identify damage
mechanisms. However, the approach ignores the high signal
attenuation of composite materials and cannot provide a clear
separation between different mechanisms (Gresil and Giurgiutiu,
2015). An alternative for evaluating damage mechanism is the
analysis of AE waveforms and power spectra (intensity and
frequency) obtained by Fast Fourier Transform (FFT) from
AE signal. Because the determination of dominant frequencies
of the signal can be used to characterize each acoustic event
which is directly related to main failure mechanism (Ramirez-
Jimenez et al., 2004). However, frequency analysis may only work
for a specific type of specimens (often laboratory-scale) and the
results are usually not transferable to other types or sizes of
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composite structures. Arumugam et al. (2014) tested the AE
signal from [(0°/90°),];, laminates of CFRP impacted at two
different impact velocities, 2.5 and 3.5m/s, to distinguish
different failure modes. According to the frequency analysis,
matrix cracking mode corresponds to 80-120 kHz frequency,
delamination has 120-170 kHz frequency, and fiber failure has
200-300 kHz frequency. The frequency-based analysis method
also has limitations due to the application of FRPCs thin-layer
structures that generate different modes of lamb waves, including
some highly dispersive lamb modes, which can significantly
cause frequency changes during propagation (Brunner, 2018).
The combination of unsupervised pattern recognition and finite
element modeling (FEM) seems to be the most successful
approach to identifying the microscopic damage mechanisms
at present (Sause et al., 2012). FEM was used to simulate AE
signals due to fiber break and fiber/matrix debonding in a model
CFRP with a thickness of 2.8 mm (Hamam et al., 2021). The
results induced that the amplitude of debonding signals was
much smaller than fiber break signals. The debonding acoustic
signatures mostly affected by the debonding conditions
(instantaneous debonding or progressive debonding) are
useful in explaining the damage mechanisms using AE signal.

The location accuracy of AE signal source location has been
proven to allow for SHM with AE (Romhany et al., 2017). Zhou
et al. (2011) proposed a hybrid detection method for fatigue
damage using acousto-ultrasonic (AU) wave which is combined
with ultrasonic characterization and acoustic-emission. The
method has become one of the prevailing tools to develop
SHM. Jung et al. (2022) utilized a, b-value parameter for
quantitatively monitoring the structural health of CFRP based
on the AE signals. The composite b-value represents the
amplitude distribution slope of the AE signals and reflects the
attenuation rate for SHM of composite materials. By analyzing
the AE signals of a series of plain woven CFRP samples under
different cyclic loading conditions, the results have provided a
structural health criterion based on the composite b-value.

In summary, AE signals have been utilized to monitor and
locate cracking, delamination, and/or adhesive bond failure at the
interfaces in FRPCs. AE has a long history of successful SHM
applications mainly for storage tanks and pressure vessels and is
also promising for SHM of complex composite materials and
structures. With the advantages of fast detection speed and low
labor intensity, AE can be performed without a service shutdown
of the structure in many cases (Dong and Ansari, 2011).

3.1.2 Ultrasonic testing

To detect defects and damage, UT utilizes transducers to
generate ultrasonic waves that in turn propagate into composite
laminates. This technique covers a wide frequency spectrum
(from 1 MHz to above 1 GHz) but the most industrial UT
applications with frequencies are ranging from 0.5 to 10 MHz
in FRPCs (Duchene et al,, 2018). Also, frequencies lower than
0.5 MHz can be used in FRPCs, such as lamb wave inspection of
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defects/damage in composites (Tong et al., 2022). The elastic
waves propagating in a medium can be categorized into volume
waves, surface waves and guided waves. Internal defect
information is obtained from the reflection, transmission, and
backscattering of pulsed elastic waves mainly received by two
ways: pulse-echo and through-transmission (Rao et al,, 2019). A
pulse-echo mode requires only one side to transmit and receive
ultrasonic waves and detect samples, whereas a through-
transmission mode involves the emission and reception of
ultrasonic waves from each side of a sample. Therefore, only
one transducer can be used for pulse-echo while trough
transmission needs two. Moreover, pitch-catch is another
useful way to get the reflected echo applied on only one
surface of the structure with two transducers (Park et al,
2012). Schematic of a UT system setup with immersion
detection is shown in Figure 4B. Depending on the transducer
used, UT can be mainly classified as piezoelectric transducers
(Cui et al., 2022), air-coupled transducers (ACT) (Liu et al., 2013,
Liu et al.,, 2014), phased array ultrasonic transducers (PAUT)
(Rizwan et al., 2021; Zhang et al., 2021), and electromagnetic
acoustic transducers (EMAT) (Gao et al., 2010; Strass et al.,
2017). However, EMAT transducers require a specific set-up to
work on electrically non-conducting materials such as polymer
composites. Various operating modes are involved mainly
including A-scan (amplitude-time representation), B-scan
(amplitude image of a unidirectional scanning), C-scan
(amplitude image of bidirectional scanning), D-scan (time-of-
flight image of bidirectional scanning), and so on (Nsengiyumva
et al., 2021).

The capability of UT to qualitatively and quantitatively
characterize and evaluate composite defects and damage has
been demonstrated over the past many years. The C-scan
method of UT is a very significant and extensive NDT&E
technique. The brief principle of the method is to process and
map pulse-echo or transmission signal onto a plane view of
the tested component to obtain information on the size and
depth of defects/damage. Immersion ultrasonic C-scans are
used in measuring delamination extent for impact-induced
damage in the form of double-through transmission and
pulse-echo (Fromme et al.,, 2018). Due to waves not being
well transmitted through delamination, double-through
transmission shows the delamination area with consistently
low amplitude in Figure 5A. While for the pulse-echo case, the
delamination area is displayed as an increased reflected signal
in Figure 5B because of the shorter distance traveled compared
to reflection from the opposite surface. Ellison and Kim (2020)
developed a method to reduce the delamination shadowing
effects and estimate the full delamination state at a damaged
interface by utilizing C-scan to obtain layer-by-layer
delamination information from impacted 24-ply
unidirectional CFRP. Alarifi et al. (2019) utilized A-scan
and C-scan of UT to examine FRPC materials with

an

different levels of porosity. They succeeded in obtaining the
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(B) pulse reflection (Fromme et al., 2018).

porosity content and depth information by C-scan and its
histogram and A-scan data, which conformed with the
destructive testing (DT) results. The loss of the sound
signal reflected as the dB loss in the histogram image has
demonstrated the relationship with porosity. Original dB loss
is close to being proportional to the imaging void content.
Moreover, C-scan of UT has also been used to evaluate the
artificial defects (Hasiotis et al., 2011), cracks caused by
thermal stress (Shiino et al., 2012), debonding defects
(Patronen et al., 2018) of composite materials and structures.

PAUT is a powerful UT technology due to its flexible beam
deflection and focusing characteristics through beam forming
(Taheri and Hassen, 2019). Taheri and Hassen (2019) utilized
bulk wave and guided wave to detect the artificial hole with
different diameters and depths in CFRP by using PAUT and
single-element (conventional) ultrasonic signals (SEUT). The
results indicated that both PAUT and SEUT can detect the
hole with a minimum diameter of 0.8 mm and a thickness of
25 mm while signals of PAUT have better characteristics.
Zhang et al. (2021) proposed an efficient and accurate
method to detect out-of-plane waviness hybrid
glass—carbon FRPCs plates using PAUT with 5MHz and
32 elements. Samples with different waviness angles were

in

used for the experiments. The results were discussed
quantitatively that the relative errors in maximum waviness
angle for samples are 4.6% and 14.8% by comparing images
from PAUT results with optical methods. PAUT has also been
proposed to quantitatively estimate the location, size, and
morphology of impact-induced damage in CFRP specimens
with different impact energy (Caminero et al., 2019; Cao et al.,
2020).

Additionally, there are many other useful UT technologies
including ACU, laser ultrasonic testing, ultrasonic infrared
thermal imaging technique, fiber ultrasonic testing, etc. ACU
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is non-contact testing and utilizes ACT to excite and receive
ultrasonic waves to detect defects/damage in materials and
structures (Chen et al., 2021). ACU has been progressively
used in aerospace industry (Li and Zhou, 2019) to inspect
large parts that cannot be coupled with liquids, such as
helicopter tail booms (Ma and Zhou, 2014), rotor blades
(Peters et al., 2004), etc. fabricated by FRPCs. Laser
ultrasonic testing uses ultrasonic waves, excited inside the
material by laser-induced thermal stress, to detect flaws
without contact. Laser ultrasonic testing technology is
especially suitable for rapid automatic detection of large
and complex structures (Dubois and Drake Jr, 2011; Zhou
et al., 2018; Qiu et al., 2020). EMAT can be used in the in-line
inspection of the joint quality of composites during joining or
immediately after joining (Strass et al., 2017).

In summary, UT has been utilized to qualitatively and
quantitatively ~detect, characterize, and evaluate various
defects/damage in FRPCs. UT plays an essential role in
FRPCs defect detection and has become the hot spot and
focus direction of composite material detection. For more
details on the application of UT technologies, Table 1
summarizes the application of UT techniques with different
classifications in the detection and evaluation of defects in
composite materials. Predictably, UT will be further applied to
achieve the visualization, automation, and intellectualization of
defect detection and evaluation.

3.2 Electromagnetic techniques-based
NDT&E

Electromagnetic techniques-based NDT&E utilizes an
electric current, magnetic field, or both to induce a
response from a composite sample, and the received

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.986645

Chen et al.

TABLE 1 Summary of typical types of UT applications for the detection and evaluation of FRPCs.

Types of UT  Object Achievement

Ultrasonic C-scan ® A GFRP sample with Al-foil and PVC foil inserted between ~ ® The thin, 0.04 mm Al-foil were not detected

testing the plies. The thickness of Al-foil and PVC foil is 0.04 and
0.1 mm
® Composite sample with 3%-6% porosity ® Demonstrated that original decibel loss obtained from
C-scan is proportional to the imaging void content
® CFRP with a size of 150 mm x 100 mm X 5.54 mm ® Provides an integrated view of the delamination cone which
impacted with energy of 6.3] causing BVID extends like a double helix through the sample, but it
requires long scanning procedures and water coupling
Phased array ® A 25 mm thick GFRP sample with different diameter holes ~® PAUT can detect the hole has a minimum diameter of
ultrasonic testing 0.8 mm with a thickness of 12.5 mm and have better signal
characteristics than SEUT.
® Angle ply CFRP composite laminates with thickness ® The relative errors in maximum fiber waviness angle for
varying from 2 to 6 mm samples are 4.6% and 14.8%
® A triangle hollow specimen made of CFRP with a thickness ~ ® Quantitatively evaluate the internal impact-induced
of 2.8 mm, having impact-induced defects damage area in the form of delamination
Air-coupled ® A high-pressure composite tank contains a hidden Teflon ~® Developed 3D FE model and validated the practicality of the
ultrasonic testing insert between its titanium liner and its composite winding simulation ACU system detecting delamination in
composite
® GFRP samples with artificial impact-type defects with a ® Indicated that the air-coupled through transmission
thickness of 3.2 mm technique with the focused transducers showed detailed
information about the impact defects, and even the internal
fibers could be observed
Laser ultrasonic ® 1.5 mm cross ply CFRP with eight layers with ® Successfully identified the location, size and depth of the
testing delamination simulated by Teflon. The diameter of all single Teflon inserted between the second and third layer
delamination defects was 32 mm
® Six samples of graphite-FRPC with different void content ~® Demonstrated the validity of porosity assessment based on
amplitude fluctuations in B-scan images, which provided
the lateral and in-depth directions value of porosity and
detection of the back-wall signal is not required
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Schematic of system setups: (A) a ECT system setup with a theta probe; (B) an IRT system setup.

3.2.1 Eddy current testing

electromagnetic response is investigated to identify and detect
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defects/damage. Some of the most useful electromagnetic ECT is an efficient and non-contact electromagnetic-based

techniques-based NDT&E, including eddy current testing, NDT&E technique for the characterization of the surfaces and
infrared thermography, and terahertz testing are discussed sub-surface flaws in conductive materials. In this method, eddy

in this section. currents are generated in the conducting sample when the test

Frontiers in Materials 11 frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.986645

Chen et al.

coil with an alternating current is close to the conducting sample.
Figure 6A shows the schematic of an ECT system setup with a
theta probe. The change of eddy current in the conducting
sample due to the presence of defects, damage, or inclusion in
the sample is monitored as change of impedance of the test coil or
another detecting coil (De Goeje and Wapenaar, 1992).
Commonly, CFRP is composed of many unidirectional carbon
fiber/epoxy plies stacked in a certain sequence. The conductive
carbon fibers in CFRP are separated from each other by insulated
polymer. However, CFRP is capable of conducting current in
certain directions via the electrical networks formed by carbon
fibers and contact points (Cheng et al., 2016). Therefore, ECT
method has a potential to map the fiber feature and inspect the
defects in CFRP.

The correct selection of probe shape and signal processing
method is essential for the application of ECT for CFRP defects/
damage detection (De Goeje and Wapenaar, 1992; Lange and
Mook, 1994). A cross point (CP) probe with a rectangular
exciting coil in the upright position has been proposed to
inspect defects in CFRP using ECT (Koyama et al, 2013).
Three samples with different fiber directions via woven CERP,
unidirectional CFRP, CFRP  were
experimented with to detect the simulated defects. The
thickness of all three CFRP samples was 3 mm. Simulated by
unidirectional composite fibers, the electrically insulated defects

and quasi-isotropic

with thicknesses of 1.0 mm were inserted at a depth of 1 mm
from the surface of the samples. The CP probe can adjust the
positioning of the exciting coil based on the fiber direction of the
plies. And the conclusion was demonstrated that simulated
defects in woven CFRP and unidirectional CFRP could be
inspected with little noise under the experimental conditions.
Similarly, ECT technique was proposed to inspect surface defects
of CFRP by utilizing rectangular differential probe (Wu et al,
2014). Two [(+90°/-90°),],y laminates of CFRP with different
depths and widths of cracks on the surface were tested by using
the method. The thickness of laminates was 5 mm. The results
have shown that ECT with the rectangular differential probe has
good surface defect detection sensitivity of CFRP. Two probe
configurations were designed for ECT to detect a carbon fiber
rope consisting of four pultruded unidirectional (UD) CFRP
elements with a thickness of 1 mm (Antin et al., 2019). There are
two defects in the sample, an in-depth cut with penetration of 1/
3 thickness produced via sawing and multi-damage induced via
LVI. Probe #1 comprises one excitation coil and two sensing
helicoidal coils, located above the sample in cross-section. While
probe #2 was a two-sided probe, located above and below the
sample, respectively. The results have indicated that probe
#1 presented very good results when assessed from the
damaged side of the CFRP elements. And probe #2 was able
to detect damage from both sides of the CFRP elements.

Eddy current thermography is an emerging and prospective
NDT&E technique, which combines the advantages of
conventional eddy current testing and thermal testing. Eddy
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current pulsed thermography (ECPT) has been successfully
investigated and characterized for surface crack evaluation in
CFRP (Cheng and Tian, 2011). The width and depth of crack
notch can be determined based on the amplitude of the
temperature rise, heating and cooling thermal response. The
delamination detection in CFRP laminates was conducted by
utilizing ECPT with a 20-layered CFRP sample (Cheng and
Tian, 2012). Two-layered polytetrafluoroethylene film (of
thickness 0.1 mm for each layer) was used for simulated
defects different The
indicated that ECPT is not able to detect delamination up to
930 pm in-depth. With more powerful excitation: pulse width,
inductor geometry, and directions for ECPT, ECPT will be able
to detect deeper delamination. ECPT was also used to

inserted at thicknesses. results

characterize the impact damage of 12 layers woven CFRP at
different impact energies (12-2J) (He et al., 2014). The areas of
impact-induced damage are drawn at the thermograms in the
form of hot areas and only 2 ] and 4 J impacts cannot be
detected.

In summary, ECT has been applied to detect various types
of surfaces and sub-surface flaws like cracks, delamination,
and fiber damage at high inspection speeds, high SNR ratios
and provides some indication of the extent of damage via
signal amplitude. Therefore, ECT is also a promising
technology of SHM for composites. However, further
development of the ECT probe is required for the
inspection of highly anisotropic CFRP materials and CFRP
with complex fiber arrangements.

3.2.2 Infrared thermography

IRT is an NDT&E technique that measures defects based on
structural response from either thermal energy dissipation or
temperature increased by thermoplastic or thermoset
characteristics of matrix (Boccardi et al., 2014; Heslehurst,
2014). The principle of IRT is that the thermal properties of
different materials including a host structure and embedded
discontinuities cause a change in thermal radiation, the range
of which is located at the infrared area of the wavelength
spectrum in most applications (Askaripour and Zak, 2019).
IRT is classified as passive infrared thermography (PIRT) or
active infrared thermography (AIRT). PIRT methods identify
internal defects by acquiring the thermal radiation of a
specimen’s surface without employing external heat. While
AIRT methods apply energy sources to a specimen’s surface
for defection to increase inspection accuracy and reduce the
influence of environmental noises (Hung et al., 2009). According
to the excitation source, the AIRT can be generally divided into
optical excitation thermography (noncontact pulsed, step, and
lock-in  thermography), ultrasonic mechanical excitation
thermography, cycled loading excitation thermography, eddy
current excitation thermography, etc. (Favro et al, 2001;
Montanini, 2010; Liu et al., 2016). Figure 6B shows an IRT

system setup in reflection mode.
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TABLE 2 Summary of typical types of IRT applications for the detection and evaluation of FRPCs.

Types of IRT Object

Optical excitation
thermography
9 mm and a depth from 1.5 to 7.5 mm

Woven GFRP with a thickness of 9 mm and inserted
PTFE as artificial delamination with a size of 9 mm x

CFRP with a size of 100 mm x 50 mm X 5 mm and

cured at a different pressure percentage to induce the

formation of a different percentage of porosity

Woven basalt FRPCs with a size of 300 mm x
300 mm x 3 mm

Ultrasonic mechanical CFRP with a size of 150 mm X 100 mm X 4 mm

excitation thermography

A triangle hollow specimen made of CFRP with a

thickness of 2.8 mm, having impact-induced defects

Eddy current excitation
thermography
size of 20 mm X 20 mm X 75 um

60 mm X 3 mm

Cycled loading excitation =~ ® A CFRP specimen with T-joint

CFRP with a size of 240 mm X 200 mm X 2.8 mm and
inserted Teflon tape as artificial delamination with a

Basalt-carbon hybrid FRPCs with a size of 180 mm x

thermography
® Carbon-reinforced woven (fabric) and orthotropic
(uni-tape) laminated plates with long and short bond
geometries
Vibration mechanical ® A composite disk made by polymer matrix composite

excitation thermography (PMC) with manufacturing voids

Woven GFRP with a size of 250 mm x 10 mm X
2.5 mm

IRT has been demonstrated to be an effective way to detect
and quantify the subsurface damages in FRPCs (Maldague,
2001). In the past decades, the applications of IRT in the
detection and evaluation of defects in composite materials
have been extensively explored. (Toscano et al, 2014).
presented lock-in thermography for the monitoring of
delamination propagation in situ during a compressive
mechanical test and successfully observed delamination
buckling and growth. (Montanini and Freni, 2012). have
quantitatively evaluated the ability of optically excited lock-
in thermography (OLT) to detect depth of simulated
delamination in GFRP. For deep layer damage, using OLT as
a second inspection seems to be a useful method when the back
surface is accessible. (Gaudenzi et al, 2014). examined
delamination by using ultrasound and pulsed thermography.
Comparison with the PAUT results has demonstrated the
effectiveness of pulsed thermography in delamination
detection. However, pulse thermography is less effective in

determining the area of delamination with different energy
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Achievement References

Montanini and
Freni, (2012)

® Detected simulated delamination in GFRP up to a depth
of 6 mm with 10% accuracy

Meola and
Toscano, (2014)

® Demonstrated that the measure of thermal diffusivity by
flash thermography can be used as a parameter for
porosity evaluation

Boccardi et al.
(2019)

Detected and evaluated the horizontal and vertical
impact-induced damage expansion of cross-shaped
defects

® Detect the surface and subsurface matrix cracking Li et al. (2016)
obviously and proved to be more suitable for detecting

surface fiber breakage than pulsed thermography

Effectively detect the impact defect, which is shallow,
closed and invisible to the eye, and perform a quantitative
size analysis reaching over 95% accuracy

Yang et al. (2013)

Detected the delamination within depths ranging from  Yi et al. (2019)

0.46 to 2.30 mm

Clearly showed the fiber performs and cross-shaped
damage around the impacted areas, and its image
contrast is over CT

Zhang et al. (2018)

Palumbo et al.
(2021)

Detected a larger debonding area than lock-in
thermography and can be used for monitoring the
stiffness reduction due to the debonding

Detected crack formation near the bonded edge of the
joint and proposed a damage index, defined as: [D =
(Total Damage Along Width)/Total Width] to
characterize damage severity

Johnson, (2014)

Katunin et al.
(2021)

Easy to detect defects and damage at stress concentration
locations, but not suitable for high stiffness composite
porosity detection

Katunin et al.
(2019)

Quantitative evaluation of impact-induced damage area
using various enhancement algorithms

levels than UT. When detecting relatively deep defects, pulse
thermography exhibits a remarkable underestimation of the
2020).
thermography must be limited to avoid damaging the

damaged area (Papa et al, Pulses of pulsed
structure, thus pulsed thermography is not suitable for
testing thick composite materials (Balageas, 2012). Step
heating thermography has been proposed to overcome some
limitations of pulsed thermography (Ghadermazi et al., 2015).
The method uses a long pulse of low-power heat excitation to
identify defects that are 0.5-2 mm deep in thick FRPCs. All the
defects were detected through the Fourier image processing,
except the defect with a depth of 2 mm.

Thermoelastic stress analysis (TSA) has been used as an
effective NDT&E tool for evaluating the defects of adhesive areas
in CFRP (Pitarresi et al., 2019; Palumbo et al., 2021; Tuo et al,,
2022). In TSA, a tested sample is usually subjected to a cyclic
tensile loading within the elastic region of the sample (Tighe
et al, 2016). The good capability of TSA for the detection and

evaluation of debonded areas in CFRP T-joints made by the AFP
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Schematic of a THz-TDS system setup for a composite sample.

process (Palumbo et al, 2021) has been quantitatively
demonstrated in the article. The results also showed that TSA
is more sensitive to “kissing bond” defects than lock-in
thermography. In another research, the TSA ability to inspect
adhesive damage in lap joints was demonstrated to be beneficial
for long-term fatigue tests or comparing the mechanical
FRPCs 2014).
(Katunin et al., 2021) used vibro-thermography to investigate

performance of various joints (Johnson,
voids, which exist in composite disks in the form of lower-density
areas. The excitation of vibro-thermography was mechanical
vibrations provided by an electrodynamic shaker with a
frequency equal to the natural frequency at maximum
vibration amplitude. The results demonstrated that vibro-
thermography is unsuitable for tiny void defects in composite
disks. Due to the high stiffness properties of composite materials,
the response of mechanical excitation was extremely small, which
reduced the sensitivity and resolution to voids. Nevertheless,
vibro-thermography as a noncontact method was found to be
effective in detecting defects of composites with complex
geometry. In the comparison with pulsed thermography,
ultrasonic thermography has been proven to be more suitable
for detecting tiny damage, such as small joint delamination,
matrix cracking, and fiber breakage in impact-induced CFRP (Li
et al, 2016). While pulsed thermography is more suitable for
detecting large delamination damage.

In summary, IRT has successfully proven the capability of
detecting delamination and debonding, impact-induced damage,
voids, and fiber-matrix cracking in composite materials and
structures. Table 2 gives more information about the detection
and evaluation of different defects in FRPCs by using IRT.
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3.2.3 Terahertz testing

THz waves are electromagnetic waves in the frequency band
between 0.1 THz and 10 THz and electromagnetic wavelength is
accordingly between 30 um and 3 mm (Besson and Minasyan,
2017). THz waves have the special property of being able to
penetrate a wide variety of non-conducting materials such as
ceramics, glass, polymers, rubber, and composites. As an
emerging NDT technique, THz-based NDT&E technology has
demonstrated its effectiveness in the inspection of delamination
in FRPCs (Destic et al., 2010), debonding in the adhesive layer of
thermal protection material (Karpowicz et al., 2005), impact
damages on composite laminates (Destic and Bouvet, 2016),
etc. The THz system utilizes short THz waves to interact with
defects/damage in composites. The internal features of composite
materials are identified by evaluating the reflected or transmitted
THz waves (Zhong, 2019). The Schematic of terahertz time-
domain spectroscopy (THz-TDS) system setup for a composite
sample is illustrated in Figure 7.

As another electromagnetic technology, THz waves can
penetrate dielectric materials quite easily but not electrically
conducting materials (Hsu et al., 2012). For GFRP, THz waves
have been used to characterize both flaws and material
parameters, such as voids (Stoik et al., 2010), delamination
(Dong et al., 2016a), and fiber orientation (Jordens et al., 2010).
Simulated multi-delaminations made of Teflon film with a
thickness of 0.15mm in GFRPs have been successfully
visualized by utilizing THz spectroscopy system in B- and
C-scans (Han and Kang, 2018). The thickness of GFRPs
specimen was 0.8 mm.

In Figure 8, a hidden multi-

delamination has been shown in THz transmission C-scan
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FIGURE 8
THz transmission C-scan visualization images obtained at 0.225 THz: (A) magnitude map; (B) phase map; (C) real-component map; (D)
imaginary-component map (Han and Kang, 2018).

visualization images with different maps. Quantitative frequency range of 0.1-1THz. Polarization-resolved THz
thickness information about multi-delamination is calculated technique has been demonstrated to significantly enhance the
using the reflection of THz waveforms. The results shown in THz radiation imaging on woven CFRP laminates (Dong et al.,
B-scan images have demonstrated a close consistency compared 2016b). By taking advantage of THz C-scans, two samples with
with the practical value (<3.7% error). Moreover, THz is a thickness of 2.4 mm were investigated under different static
promising tool for the high-resolution electromagnetic loading types (Dong et al., 2018). Different subsurface damage
detection and evaluation of internal voids or delamination categories, including matrix cracking, fiber distortion and
masked by the presence of water in marine GFRP, which fracture, and intra-ply delamination have been successfully
may be difficult for acoustic methods to inspect (Ibrahim characterized by utilizing polarization-sensitive THz imaging
et al, 2021). THz has been utilized for the detection of method. Thus, THz has great potential to evaluate the damage
damage and water ingress in thick woven GFRP (Chulkov mechanisms of woven CFRP as a complementary NDT&E
et al, 2015). The volumetric defects in moist GFRP method. To quantitatively evaluate the ability of THz
laminates were successfully detected and indicated that THz technique for subsurface defect detection in CFRP, reflective
has the potential for water detection in the honeycomb panels THz time-domain spectroscopy (THz-TDS) system and vibro-
of aircraft. thermography (VT) system were implemented for inspection of

CFRP is a poor conductor with anisotropic conductivity. impacted CFRP specimens in the study (Xu et al.,, 2020). The
Therefore, quantifying penetration of THz on CFRP is significant thickness of CFRP specimens was 1.0 mm and the impact
for defect detection assessment. In 2012, (Hsu et al, 2012), energies are ranging from 5 ] to 25 J. The THz and VT result
demonstrated that THz pulses can penetrate through images were compared with the same resolution 350 x 350 pixels.
approximately 100 mm of the CFRP laminates with a The criterion of threshold to distinguish defective and non-
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Schematic of system setups: (A) a typical DIC system setup for a composite sample with speckle pattern; (B) Schematic of a laser digital

shearography setup; (C) an X-ray CT measurement setup.

defective regions was 3 times the standard deviation, i.e., 30. In
this way, the results indicated that THz has a similar damaged
areas ratio with the VT under 5] energy impact while much
smaller results at 15] and 25] than VT. The quantitative
comparison showed that VT is advantageous in detecting
deeper defects while THz imaging exhibits more details on
subsurface defects.

In summary, THz testing constitutes an effective method
for the NDT&E community to inspect and characterize
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defects/damage in composite materials and structures. THz
waves can be utilized to characterize both surface and
underlying defects/damage, including mechanical/heat
damage, voids, delamination, intrusions, and moisture
contamination (Dong et al., 2018). THz is undoubtedly a
promising approach for imaging compared with other
established NDT&E techniques, due to its good ability to
penetrate nonpolar objects and low radiation energy.
Composites reinforced by non-conductive fibers, such as
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glass and ultra-high molecular weight polyethylene (Palka
et al., 2016) have been successfully characterized via THz
imaging. Furthermore, THz imaging studies of CFRP have
also been greatly developed.

3.3 Imaging techniques-based NDT&E

Imaging techniques-based NDT&E utilizes the difference
between the images obtained before and after a given time/
deformation to highlight defects or changes in defects.

Some of the most popular imaging techniques-
based NDT&E, including digital image correlation,
shearography, and X-ray computed tomography are

discussed in this section.

3.3.1 Digital image correlation

DIC is a non-contact optical image technique for measuring
strain and displacement. During the deformation of the detected
composite structures (Molland and Turnock, 2021), the DIC
system utilizes the digital camera to record a series of surface
images on which a randomized speckle pattern is applied, as
shown in Figure 9A. The deformation and strains of the

investigated object can be determined based on the
comparison of two images (without and under mechanical
loading or under two different mechanical loading)

corresponding to the flat surface of the object (Broughton,
2012). Digital systems are available to allow the real-time
measurement of full-field two-dimensional (2D) or three-
dimensional (3D) deformation vector fields and strain maps.
The operating range of DIC systems is from the micro-scale to
the macro-scale (um to 10 m) (Broughton, 2012). The numerical
range of a pixel (gray-level resolution) and the number of pixels
are two parameters that influence the accuracy of the captured
images in the DIC technique (Bosch et al., 2019). With higher
pixel gray-level resolution and pixel count, image accuracy can be
improved.

DIC has been applied to explore composite defects/damage
and SHM. DIC was proposed to monitor and measure full-field
transient strain and deformation of the thermoplastic composite
tow during manufacturing, which is a challenge of the AFP
manufacturing process (Shadmehri and Hoa, 2019). Meanwhile,
the ability to detect the gaps and overlaps between tows using the
DIC system was evaluated by inspecting a flat panel consisting of
a substrate layer and two tows. The results found that gaps and
overlaps as small as about 0.4 mm could be detected. DIC has
been proposed to evaluate the damage progression near the stress
riser in graphite/PEEK and graphite/epoxy laminates employing
strain maps obtained by DIC (Ambu et al., 2005). For DIC
analysis, the camera resolution is about 4.2 Megapixels. The
tested specimens were available in 2 mm and 2.2 mm thicknesses
and had an 8 mm diameter center hole. Tensile loads of 0.1 and
25 kN were respectively applied to the samples to acquire the
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undeformed image and deformed image in the same area. By
analyzing the images, the evaluation of displacement and strain
field near the hole was obtained. Moreover, DIC was proven to be
very useful for exploring the effects of damage developing near a
stress concentration in composite laminates. A twill weave glass/
polypropylene (G/PP) composite was tested in both the warp and
weft directions through load-relaxation tensile tests for non-
contact characterization of deformation and damage by surface
DIC (Holmes et al., 2022). The results indicated that the surface
DIC strain field was closely aligned with internal architecture
such as the strain concentrations of fiber bundles near the
surface. Also, a DIC system was used to measure the out-of-
plane displacements and characteristics of the compression tests
during the impact process which leads to BVID with about 1 mm
depth in CFRP simples (Barile et al., 2019). The standardization
of the DIC NDT&E technique is impossible to be available to
each individual situation because of the flexibility and versatility
of DIC systems (Pan, 2018).

In summary, DIC is a full-field and non-contact technique
and has the potential for large-scale composite structure testing.
A stochastic speckle pattern with random grey-level variations is
essential to the accuracy of the measured displacements of the
DIC (Janeliukstis and Chen, 2021), and the quality of speckle
pattern can affect the results of testing and evaluation. Indeed,
applying a random pattern using a marker or spray paint may
influence the surface conditions of composite materials
(Shadmehri and Hoa, 2019). It is also worth mentioning that
when utilizing DIC to inspect large structures, the cost caused for
applying speckle patterns is considerable.

3.3.2 Shearography

Shearography is a non-contact and full-fild NDT&E
technique based on laser interferometry and speckle patterns,
which can provide full-field and quasi-real-time quantitative
images of the surface displacements of a loaded composite
structure (Hung, 2001). Shearography is a method to detect
defects/damage in surface and subsurface with speckle
patterns using interference of coherent light. The fringe
pattern represents changes in the out-of-plane displacement
derivative of the surface under test. As shown in Figure 9B,
the coherent laser light scattered from the test surface passes
through the shearing device, which splits the scene into two
identical but displaced images before the image is focused on the
detector. Each resolution element of the detector receives energy
from two distinctly different locations on the surface being
imaged (Dong and Ansari, 2011). The separation distance and
direction between two positions on the object create the shear
vector. When the object is stressed, shearography images will
change. Surface contour deformation caused by defects such as
debonding or delamination can be detected by comparing the
original image with the loaded image. Shearography applied
various stressing techniques to detect defects, including
heating or cooling the test part, vacuum, pressure, mechanical
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bending, sound, ultrasonic signals, and microwaves (Beaumont
et al.,, 2018).

As a qualitative approach, the shearographic methodology
reveals the size and depth of delamination in FRPCs according to
the measurement of dynamic response to the applied excitation
of defects. De Angelis et al. (2012) utilized and evaluated the
digital shearography method to detect delamination defects
simulated by flat-bottom holes. The flat-bottom holes were
located at different depths ranging from 1.7 to 3.2 mm and
1.5-4.0 mm with total thicknesses of CFRP specimens equal to
4 and 6 mm. The results demonstrated that shearography
facilitated the assessment of artificial defects, with an error of
less than 9% in size and depth. Subsequently, (Gryzagoridis et al.,
2013), employed a digital shearography system to inspect the
thermally excited sandwich composite cantilever beams for
presenting and locating subsurface defects, such as voids or
delamination. The use of digital shearography readily and
vividly facilitated the location of induced defects. The digital
shearography method has been used in detecting the subsurface
defects of high-pressure composite tubes through subtraction
between shearographic phase maps created at different pressure
states (Xie and Zhou, 2018). Given that digital shearography is
only a surface strain measurement method, defects are not
detectable when the maximum out-of-plane deformation
caused by loading is lower than the measurement sensitivity
of digital shearography. In this study, all small defects (smaller
than 0.5 mm) were not detected.

The shearography technique can be used to observe the
variations of out-of-plane surface displacement due to damage

development. To quantitatively discuss the ability of
shearography to characterize in-situ subsurface damage, a
comparison has been proposed between DIC and

shearography (Zhang et al., 2022a). Open-hole tensile (OHT)
test is imposed on anisotropic CFRP laminates to generate
various defects. The thickness of tested CFRP is 2 mm with a
hole diameter of 6 mm. With a series of different maximum
loads, shearography images have revealed the linear nature of
detected damage and the distribution of damage patterns. The
damage patterns first appear close to the hole and free edges.
However, DIC is unable to demonstrate the occurrence and
growth of damage with images of strain field distribution.
Several other methods have been proposed to improve the
accuracy and sensitivity of defect detection using shearography.
Acoustic shearography is a new hybrid technique combining
ultrasonic excitation with shearography imaging (Zhang et al.,
2022b). Different from traditional shearography, acoustic
shearography utilizes the stress loading generated from
ultrasonic waves. The minimum defects detected by acoustic
shearography is about 0.8 mm after conducting open-hole
compression (OHC) tests of different maximum loads in
CFRP Additionally, thresholding
method based on self-organizing maps (SOMs) has
demonstrated the ability to segment the shearography

specimens. an image
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images of low-energy impact damages in CFRP samples
(Schwedersky et al., 2022). Revel et al. (2017) utilized a
Wavelet Transform algorithm to estimate the delamination
size by shearography inspection quantitatively. A damaged
sandwich panel with a 24 mm honeycomb core and a
1.5 mm depth-fiberglass skin was tested as the sample. The
sample is characterized by a series of known circular defects
having a diameter of 24 + 0.05 mm. The algorithm successfully
assessed the size of the defect with a result of 24.3 + 0.05 mm
and demonstrated to have better robustness compared with
entropy based-threshold algorithm. The entropy based-
threshold caused an underestimation in the evaluation of the
defect size as it provides several disjointed objects in the image.

In summary, shearography has the capability of measuring
out-of-plane displacement gradients in the sub-micrometer
range (Revel et al, 2017), and successfully detecting defects
(delamination, debonding, impact damage) in FRPCs (Hung
et al., 2013) without compromising the investigated structure.
Due to several uncertain sources and the difficulty of managing
the output images, shearography usually remains a qualitative
technique. In fact, with the continuous development of research,
there are now also many methods proposed to reduce uncertainty
for quantitative assessment of defects. In general, shearography is
an NDT&E technique with great potential, particularly for SHM
of FRPCs.

3.3.3 X-ray computed tomography

X-ray CT is a unique testing technique based on radiographic
penetrating imaging that provides unrivaled information about
the internal porosity, pores shape, dimension, and volume
distribution without sample destruction (Landis and Keane,
2010; Hanhan et al, 2019). In general, X-ray CT imaging
process is divided into two main steps: firstly, acquiring a
series of 2D radiographs at many different angles of
illumination; then creating a stack of cross-sectional slices
from these 2D projections (radiographs) of the sample using a
computed reconstruction algorithm and the information of
internal structure can be obtained from the digital 3D
greyscale representation (Withers et al., 2021). In addition, the
image contrast of 2D radiographs relies on differences in the
attenuation or phase of X-rays paths through the sample (Garcea
2018).
quantitatively analyzed and virtually sliced in any direction.

et al, The obtained 3D representation can be
Moreover, areas of interest can be digitally color-coded, or
rendered transparent in the form of 3D visualization.
9C the of an X-ray CT

measurement setup.

Figure illustrates schematic

X-ray radiography is a two-dimensional (2D) image
technique representing the X-ray photons that passed through
the sample mainly in the form of attenuation contrast (AC),
differential phase contrast (DPC), and dark-field contrast (DFC).
Tested materials attenuate or reduce the penetrating radiation

through interaction processes involving scattering or absorption.
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The differences produced by differential absorption of
penetrating radiation between defective and non-defective
areas in samples will be recorded on the image. Moreover, the
phase object placed in the X-ray beam path causes slight
refraction of the beam transmitted through the object. The

fundamental idea of DPC imaging depends on locally
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detecting these angular deviations (Pfeiffer et al, 2006).
Furthermore, as the X-ray passes through the object, small
angle scattering is generated by internal density fluctuations
on the micron and sub-micron scale, e.g., at interfaces
between material and air (Pfeiffer et al., 2008). Dark-field
contrast (DFC) images reflects the total amount of radiation
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TABLE 3 Summary of the characteristics of established NDT&E techniques reviewed in this article.

NDT&E
techniques

FRPCs type
application

AE Various FRPCs
types, including
carbon, glass,

jute, etc.

uT Various FRPCs
types, including
carbon, glass,
Kevlar,
polypropylene,
etc.

ECT
Conductive

FRPCs, including

carbon, carbon/
Kevlar, etc.

IRT Various FRPCs
types, including
carbon, glass,

basalt, jute, etc.

Frontiers in Materials

More suitable for

Detection Excitation

type

Requires a Mechanical loads
contact surface
with the tested

materials

Usually
requires contact
with the
inspection
surface by using
a coupling fluid

Ultrasonic pulse-
waves

External
excitation current

Non-contact

Thermal
radiation or

Non-contact

mechanical
vibration

Cost

Costly

Cost-
effective

Cost-
effective and
the probe
technology is
relatively
inexpensive

Cost-
effective

20

Detection
speed

High inspection
speeds

High inspection
speeds but data
processing
takes time to
obtain accurate
results

High inspection
speeds

High inspection
speeds

Benefits

Provides a real-
time structural
health
monitoring on
growing
defects/damage
High
sensitivity to
stress waves

Capable of in-
situ testing

Provides
defect size,
depth, and
location
information
and allows
one-sided
inspection

Suitable for
on-site
inspection by
portable
equipment

Detect small
defects/
damage and
complex
structures

Requires
minimum
surface
preparation

Real-time and
full-field
visual
presentation
of defects

Safe and easy
to operate

Allows one-
sided
inspection

Limitation

10.3389/fmats.2022.986645

References

(De Rosa et al.,
2009; Dahmene
et al., 2015;
Romhany et al,,
2017; Brunner,
(2018)

The entire
structure of the
sample must
allow for the
propagation of
stress waves

Requires high

skill for

correlating

data and

defects

Requires Hasiotis et al.

surface (2011); Samant et

accessibility al. (2013); Jolly et
al. (2015);
Pelivanov and
O’Donnell,
(2015);
Caminero et al.
(2019)

Hard to detect
defects near
probe
Requires high
skill for multi-

modes and

complex

features

Limited to De Goeje and

conductive Wapenaar,

composites (1992);
Grimberg et al.
(2006); Wu et al.

Paralleled (\2014');

defects to Gholizadeh,
(2016)

surface cannot
be detected

Depth of

penetration is

not very large

Requires high

skill for

interpreting the

measured signals

Pastuszak et al.
(2013); Sfarra et
al. (2013); Maier

Low sensitivity
when defects
present deeper

under the et al. (2014);
surface Gholizadeh,
(2016)

Exists the risk
of thermally
damaging the
tested structure
Requires high
skill for
processing
complex data
to determine
the size and
orientation of
the damage

(Continued on following page)
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TABLE 3 (Continued) Summary of the characteristics of established NDT&E techniques reviewed in this article.

NDT&E
techniques

THz

DIC

Shearography

X-ray CT

FRPCs type
application

More suitable for
nonconductive,
like GFRP

Various FRPCs
types, including
carbon, glass,

polypropylene,
etc.

Various FRPCs
types, including
carbon, glass, etc.

Various FRPCs
types, including
carbon, glass,
aramid, etc.

Frontiers in Materials

Detection

type

Non-contact

Non-contact

Non-contact

Non-contact

Excitation

Terahertz
radiations

No need for
excitation

Mechanical strain

Electromagnetic
radiation

Cost

Requires
complex and
expensive
equipment

Cost-
effective and
simple
equipment

Costly

Costly

21

Detection
speed

Low speed of
examination

High inspection
speeds

High inspection
speeds

Low speed of
examination
and data
processing

Benefits

Detect small
defects/
damage with
high precision,
sensitivity and
resolution
Good ability
to penetrate
nonpolar
objects and
low radiation
energy

Provides real-
time and full-
field 2D and

3D inspection

High-
resolution
digital
cameras and
high-speed
computers

Provides full-
field surface
strain
measurement

Suitable for
large and
complex
composite
structures

High spatial
resolution
and
sensitivity

2D and 3D
images reveal
the detailed
and integrated
information of
defects with
advanced data
processing

Applicable to
many types of
materials

10.3389/fmats.2022.986645

Limitation

Limited to
nonconductive
composites

Water and
moisture
absorb THz
radiations

Requires high
skill for
operating
complex
equipment

Requires
speckle
patterns with
high quality
Detection
results can be
affected by
quality of
speckle
patterns

Requires an
external
excitation

Difficult to
inspect the
defects
presenting
deeper under
the surface

Exists the risk
of thermally
damaging the
tested structure

Requires high
skill for
operating
complex
equipment

The size of the
test sample is
limited

Radiation is
harmful to the
human

Requires high
skill for
operating
complicated
equipment and
processing
complex data

References

Jordens et al.
(2010);
Amenabar et al.
(2013); Xu et al.
(2020)

Dong and Pan,
(2017); Holmes
et al. (2022)

Ruzek et al.
(2006);
Towsyfyan et al.
(2020); Zhang et
al. (2022a)

Fidan et al.
(2012); Bull et al.
(2013); Momose
et al. (2014)
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scattered at small angles by microscopic inhomogeneities like
microcrack (Senck et al., 2018) or porosity (Revol et al., 2011) in
FRPCs. Importantly, DFC images reveal information undisclosed
by both AC and DPC imaging since DFC delivers morphological
information in the sub-pixel regime depending on the local
scattering power (Gusenbauer et al., 2016).

Owing to its high precision and sensitivity, X-ray CT is
frequently used in the quantitative nondestructive evaluation
of defects/damage in CFRP. Vasudevan et al. (2018) made
detailed observations on the onset and growth of LVI damage
in different angle plies of woven GFRP and Kevlar-FRP through
X-ray CT scan imaging. The damaged area was measured and
imaged through X-ray CT for each layer as shown in Figure 10.
The image results illustrated that the bottommost layers were
subjected to higher impact damage than the topmost layers and
the outer Kevlar layers delayed delamination propagation
internally. The extension of drilling-induced delamination in
woven CFRP laminates has been quantitatively evaluated by
X-ray CT scanning (Vaziri Sereshk and Bidhendi, 2016). The
samples are produced by the hand layup technique with an
orientation of 0/90° with total thickness of 3 mm. Due to
similar patterns observed for the netted construction of woven
fibers, identifying the boundary of a delamination area through
X-ray CT is difficult. Karabutov and Podymova (2014) used
X-ray CT to inspect FRPCs with various levels of porosity
ranging from 1.6 to 10.5%. Small spheroidal voids and
isolated clusters were found at a low porosity (3.8%), whereas
extended delamination can be observed at a high porosity
(10.5%). To identify and characterize voids, segmentation
thresholds must be applied for an X-ray CT image dataset.
The principle is an accessible rule-based decision about
whether a voxel is inside a void or not. In a CT segmentation
thresholding method (50% threshold), a voxel should be
considered a void voxel if more than half of its volume is air;
otherwise, it is not considered void (Tretiak and Smith, 2019).
This algorithm significantly enhances porosity measurement
capability and reduces deviation for void volume fractions
(from 10% down to 0.5%) in measurements.

X-ray and X-ray CT are also used to complement
other NDT&E techniques to obtain more specific and
quantitative defects/damage information. Differential
phase and dark-field X-ray images have been used for
investigating delamination and characterizing impact-
fiber
directions in a CFRP specimen with a size of 990 mm x
110 mm x 2 mm (Endrizzi et al., 2015). The full extent of
delamination was observed with ultrasonic C-scan while

induced damage extending along different

damage extending along the fibers is well detectable in the
the
complementarity of X-ray and ultrasonic C-scan in

phase-contrast ~ X-ray  images.  Therefore,

terms of imaging characteristics and scale facilitates
the prediction of delamination expansion and size
during Also, (Senck et al.,, 2018)

impact. we
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qualitatively and quantitatively characterize
microcracks in the (sub-) micrometer range in CFRP
samples using a combination of X-ray CT, X-ray CT
based on Talbot-Lau grating interferometry (TLGI-
XCT), and radiography based on Talbot-Lau grating
interferometry (XLGI-RT). Crack-like defects

introduced in CFRP samples with impact energy under

were

laboratory conditions. The 2D and 3D visualization and
quantification of damage at voxel sizes of 12.5, 22.8, and
50 pm have demonstrated the combination of TLGI-XCT
and XLGI-RT can provide complementary images,
including attenuation contrast (AC), differential phase
contrast, and dark-field contrast (DFC).

In summary, X-ray CT has a huge advantage in providing
visualization and quantitative analysis of internal features and
details that are difficult/impossible to access externally. X-ray CT
is being used increasingly in manufacturing composite materials
and structures, not only to inspect defects/damage of products
but also to provide feedback to optimize design and
manufacturing quality. With good development prospects, the
field of X-ray CT is expanding rapidly, including the range of
applications for different types and structures of composite
materials and the development of new imaging modalities
(Withers et al., 2021). However, due to its disadvantages of
complex equipment and harmful radiation, the maximum
sample size is limited and usually the inspection can only be
performed in the lab, which limit the application of X-ray CT to
some degree.

4 Conclusion and future trends

Given the wide application of FRPCs in the industry and the
existence of various defects/damage, a review on the detection,
characterization, and evaluation of composite materials through
NDT&E technologies was provided. The eight established
methods: AE, UT, ECT, IRT, THz, DIC, shearography, and
X-ray CT were evaluated independently and comprehensively
concerning their performance in targeting major defects/
damage. Results from recently published literature on advances
in NDT&E of FRPCs were used. Each method has its own merits in
certain aspects, but practically none of them can achieve the
comprehensive detection of all possible defects or damage.
Table 3 presents the benefits and limitations of the reviewed
NDT&E technologies. Finding a method that fits perfectly can
be challenging, but the information provided by the NDT&E
methods is essential to ensuring the structural integrity of FRPCs.

Developments in NDT&E technologies are focused on
accuracy, cost-effectiveness, real-time and full-field. Some
NDT&E technologies have been proven effective in the
detection and evaluation of defects and damage in composite
materials. However, none of them can examine all possible
structural detects in FRPCs. Recent studies have demonstrated
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that improving available technologies by combining different
NDT&E techniques and fusion data is a potential approach for
complex composite structures. For example, a combined NDT&E
method consisting of IRT (for initial scanning and detection of
near-surface defects) and UT (for a more detailed analysis of
products that pass the first testing procedure) can improve
detection accuracy (Katunin et al, 2021). UT and X-ray CT
results can be used in evaluating impact damage in composite
structures (Katunin et al., 2020). The final detection result
depends not only on the size and nature of a defect but also
on the resolution of NDT&E technologies. The resolution of
most of the NDT&E technologies has not been established in the
literature. The resolution is often dependent on the actual
conditions of test environments and objects to be inspected,
including NDT&E instrument properties, damage location, the
accessibility of structures, and types of materials to be tested. All
of these need to be considered influential factors for estimating
the structural health of composite materials.

Moreover, the development of data processing algorithms is
equally important to reduce estimation errors. For each
technology, a general data algorithm process should be
specified to improve evaluation speed and reduce errors in
estimates. Given the complex defect mechanisms and
detection methods, machine learning and deep learning have
been increasingly applied to data processing algorithms to
provide significant potential for NDT&E of FRPCs. Many
NDT&E technologies have applied intelligent algorithms for
the automatic detection and identification of defects through
artificial neural networks. For instance, convolutional neural
networks have been used to automatically extract features
from raw data, classify ultrasonic signals (Shi et al., 2022), and
train deep learning object detectors from the sequences of
ultrasonic B-scans (Medak et al, 2021). In general, the
algorithm enhancements can yield better detection accuracy or
faster detection speed than previous analysis approaches. The
increase in accuracy may require a larger amount of data
acquisition and calculation, which will reduce the speed of
detection. For increased speed of detection, some expensive
powerful computing equipment may be required at present,
which will increase the cost. However, as computing power
continues to increase at essentially constant cost, these issues
will soon be solved.

Currently, few studies have focused on the application of
NDT&E to detect inhomogeneities in thick composites (Shafi
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