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Abstract: Diagnosis and prognosis of failures for aircrafts’ integrity are some of the most important
regular functionalities in complex and safety-critical aircraft structures. Further, development of
failure diagnostic tools such as Non-Destructive Testing (NDT) techniques, in particular, for aircraft
composite materials, has been seen as a subject of intensive research over the last decades. The need
for diagnostic and prognostic tools for composite materials in aircraft applications rises and draws
increasing attention. Yet, there is still an ongoing need for developing new failure diagnostic tools
to respond to the rapid industrial development and complex machine design. Such tools will ease
the early detection and isolation of developing defects and the prediction of damages propagation;
thus allowing for early implementation of preventive maintenance and serve as a countermeasure
to the potential of catastrophic failure. In this paper, following a short introductory summary and
definitions, this paper provides a brief literature review of recent research on failure diagnosis of
composite materials with an emphasis on the use of NDT techniques in aerospace industry. In
addition to this, within a some of significant NDT application extents, prognosis of composites is
also briefly discussed.

Keywords: Failure Diagnosis, Aircraft Applications, Composite Materials, Non-Destructive Testing
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1. Introduction

Composite materials have been utilized for various machining and industrial processes since
last decades until now. Composite materials are so called because they are formed from two or more
materials, one of which, the fibre, is scattered in a continuous matrix phase. The two materials work
together so that they provide different material properties from the properties of the original
elements on their own [1]. Though most airplanes today are made out of aluminum, composite
materials such as those materials made from carbon fibres, glass fibres, and Kevlar, to name few, are
widely used in the aircraft industry. For instance, glass fibres were first employed in aircraft, by
Boeing, in the 1950s. Also, Boeing 787 Dreamliner was the first commercial airplane to be built from
50% composite materials, mostly carbon fibre composites [2-7]. Recent years have also seen a
noticeable increase in the use of composite materials in aircraft industry compared with the other
materials, shown in figure 1. The greatest advantage of composite materials usage is the lower-weight
planes. For instance, they are stronger, yet lightweight than aluminium. This weight reduction will
lead to more fuel-efficient planes that will require less fuel to propel themselves forward. High
strength-to-weight ratio, also known as specific strength, is another advantage of the composites and
as a result are incredibly str onger than the other metals used in aircraft manufacturing. Hence, they
can resist compression loads and do not easily break under tension conditions.

Composite materials are also insusceptible to corrosion due to harsh chemical components, and
their resistant to many highly reactive chemicals. Further, they can incredibly handle the exposure to
severe weather conditions including a wide variation in temperature. This is very important in the
aircraft industry as the most essential parts of any airplane made out of composite materials will
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neither grow nor shrink, or change as a result of varying environmental conditions. Design flexibility
represents another big advantage of composite materials over the other metals. Composites can be
formed and/or made into just about the required shape. For instance, a single oddly shaped piece of
composite can replace many pieces made out of other materials. This helpful characteristic lead
eventually not only to cut down the maintenance cost but also reduce the total cost over the lifetime
of planes [2-7].

Used Materials in Aircraft Industry 1985-2014
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Figure 1. Used Materials in Aircraft Industry 1985-2014 [8].

Nevertheless, composite materials have revolutionized the aviation industry, they have,
however, their own disadvantages compared with the alternative materials. Higher initial cost for
aircraft and component manufacturers compared with the other metals is perhaps the biggest
disadvantage of composite materials. This high initial cost is mainly attributed to the high price of
fibres and the complicated manufacturing processes. Another disadvantage is that the prediction of
failure time for the internal structure of any composite aircraft piece cannot easily be made. This, in
turn, leads to very costly and difficult damage inspections. Also, during the inspections, delamination
may occur, layers of composite separate, as a result of an impact to the composite piece. As
consequence of this, water may penetrate to the delaminated composite piece, causing serious
problems, in particular, when water freezes and thaws. Unlike, for instance, aluminium, most of
standard composite materials used in aircraft industry do not conduct electricity, and therefore they
cannot prevent, for example, lightning from being directed to the fuel tanks. However, it was
reported that composites were integrated with wire mesh to fix this problem; this method was first
used in 787 aircrafts. The existence of resin in the manufactured composite materials is reported as
one of the causal factors behind the catastrophic failure. At temperatures below 65°C, resin weakens
the composites and yet it may also lead to aircraft failure when temperatures reach even as above as
150°C [2-7].

As it can be seen the use of composites in aircraft industry does present some engineering and
maintenance challenges. This involves damage inspections and diagnosis that may lead to costly
manufacturing and repairs. With more and more commerce and business being conducted every day
in this field, analysis of data for detecting and repelling damage of composites is paramount to every
aircraft company. To directly tackle and respond to the lack of the engineering improvement for the
damage inspection techniques for composites in aircraft industry, off the shelf, tremendous work
over a number of recent years was undertaken. Though several attempts were made to summarize
this intensive number of published work, it is still unfortunately scattered here and there. There is a
need to briefly lump/highlight this work in one single document so that provide the interested
readers not only with an overall overview of the latest developed tools but also with an ease of
making a survey whenever there is a need for it. This paper, as consequence of that, aims to:
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e  Briefly provide a short preliminary overview and definitions and a summary of recent
methodologies and tools in the area of failure diagnosis (FD).

e  Bring together in one document most of the previous research attempts at the investigating of
the most possibly viable Non-Destructive Testing (NDT) techniques, although there are a wide
variety of NDT methods built upon different principles, for the inspection of composites in
aircrafts’ structures.

It should be telling that the failure diagnosis is a prior condition analysis to the prognosis, and
hence, while it is very briefly highlighted in the paper, the emphasis of this review is mainly on the
failure diagnosis of composites.

2. 2. Failure Inspections for Composite Materials

Failure inspections or failure diagnosis can be defined as the process of analyzing physical
parameters, associated with the structure, for the purpose of determining structure integrity [9]. Failure
diagnosis involves the prediction of damage onset on a structure when subjected to loads and
environmental conditions. Failure may consist permanent damages such as structural deformations
(plastic deformation), or lack of functionality [9]. It is worth mentioning that crack/damage onset does
not mean the final form or catastrophic failure of the structure. To keep, for instance, aircrafts function
at optimal levels, condition monitoring of structural components (e.g. composites) is important because
any wear, if is not caught in time, will often progress to more serious damage affecting the adjacent
parts. In the following sections, a review of NDT and other failure diagnosis methods, which are
possibly viable for composites in aircraft applications, to evaluate a specific type of damage
identification is presented.

NDT refers to a method of detecting internal flaws in engineering materials without breaking them
[10-11]. It can also be defined as the use of non-invasive technique to determine the integrity of a
material, component or structure or quantitatively measure some characteristics of an object. It is very
broad interdisciplinary field that plays a vital role in analysing the properties and parameters of any
material [11]. Advantages of NDT methods include:

e Analysis of parts can be done without breaking them.

e  Cost saving procedure.

e Improve the quality of production.

e  Saves time in product evaluation.

e Evaluation can be done at manufacturing stage or in service stage.
e  Portable mode of inspection.

e  Surface defects and inside defects can be easily evaluated.

NDT techniques can be classified in many ways such as Conventional and Advanced methods,
Passive and Active techniques or Contact and Non-Contact methods., etc.,, to name a few [12-15].
Conventional techniques are the NDT methods that have well-established and fully matured over the
past decades. Yet, they are described as well-documented techniques in terms of codes, standards, and
best practices. In contrast, advanced methods are very limited in use as they tend to be less understood
due to either uncertain advantages or limitations, lack of laborious qualification criteria, or little to no
industry codification. With the passive approach, NDT methods, e.g. acoustic emission, are used to
investigate different materials/structures by reflecting their internal energy using proper physical fields,
whilst in the case of the active approach an external stimulus source (forced physical field such as heat,
force, cold air gun etc., to name few.) is used. Contact NDT type is commonly used in construction
industry where, for instance, transducers are directly attached to the materials or structures under test;
e.g. Ultrasonic testing. In the Non-contact methods, data are collected without the need for a direct
accessibility to the surface of the structure being tested; e.g. Thermography test. Classification NDT
techniques based on the category of contact or non-contact methods is presented in table 1.

Table 1 Contact and Non-Contact NDT Methods

Contact Methods Non-Contact Methods

Traditional Ultrasonic Testing Through Transmission Ultrasonic
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Acoustic Emission Radiography Testing
Eddy Current Testing Thermography
Magnetic Testing Infrared Testing
Electromagnetic Holography
Penetrant Testing Shearography
Liquid Penetrant Visual Inspection

Attempts were made to evaluate the integrity conditions of composites in aircraft applications using
NDT techniques. In the literature, a number of case studies for failure diagnosis in composite materials
are well described. An extensive review of the use of NDT methods for material inspections was made
by Gholizadeh [11]. Another review for non-destructive testing and evaluation (NDT&E) methods
applied in inspections of structural aircraft components was presented by Angelika [16]. In this review,
applications of Visual and Penetrant Inspection, Tap-Testing, Eddy Current Inspection, Shearography,
Thermography, Acoustic Emission Testing, and Ultrasonic Inspection were highlighted. More reviews
on the use of NDT techniques for the composite materials, were also well documented [17-18].
Towsyfyan et al. [19] highlighted in sufficient details the success and challenges of different certified
NDT methods that are applicable for damage detection and characterization in composite laminates
used in the aircraft primary and secondary structures. Ehrhart et al. [20] summarized the NDT
techniques that are, in particular, possibly viable for adhesively bonded composite materials. The
summary focused on typical defects and quality management of composites, used in aerospace
industry and substrates” applications, throughout the product life cycle.

2.1. Applications of Thermography for Aircraft Composites

Thermal and infrared testing (Infrared Thermography) is relatively considered as a newcomer
to the world of NDT field. It is the process of monitoring the temperature variations of objects under
test in the infrared portion of the electromagnetic spectrum; measuring and mapping thermal
distributions from an object [21]. There are two types of thermographic methods for the inspection of
the composites. The first type is the active method, where the thermal gradient is continuously
produced/maintained using, for instance, cyclic stress. The second type is the passive method, which
is the most widely used NDT technique in the area of composites inspection. Unlike the active
method, the thermal gradient, in the passive method, results from transient changes. Ciampa et al.
[22] discussed the very recent advances in active infrared thermography methods for aerospace
components. Recent physical principle and thermal excitation sources in addition to traditional
optically stimulated thermography, which uses external optical radiation such as flashes, heaters and
laser systems, novel hybrid thermographic techniques were highlighted. Andrzej et al. [23]
undertook an investigation for the damage Identification in Aircraft Composite Structures. Authors
employed Piezoelectric Transducers (PZT) sensing, Ultrasonic, and Thermography to study the
feasibility of these NDT methods for monitoring aircraft elements in varying environmental
conditions. It was concluded that ultrasonic, and thermography showed an advantage over the PTZ
method in detection and localization of introduced impact damage.

The detection of defects using the Infrared Thermography (IRT) was also investigated by
Péronnet et al. [24]. In this investigation, three infrared thermographic techniques; IRT, Lock-in IRT
and Pulse IRT, were applied to different types of composites that are used in aviation industry. Yet,
tests involved both composites with small thicknesses and that one with large thicknesses. It was
reported that Lock-in IRT method relatively showed higher accuracy comparing with the other
methods. However, this was attributed to the optimization of the wave propagation, which
eventually allows for a better crossing through the specimen under test. Montanini [25] also used
lock-in and pulse phase infrared thermography to quantify subsurface defects in a reference
specimen that was made out of Plexiglas. Thermal images recorded at different frequencies
(frequency domain) were post-processed and direct measurement of material’s thermal diffusivity
was undertaken. Montanini postulated that the obtained results were very promising and offered the
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active thermography as a viable fast and powerful contactless NDT&E method for the determination
of subsurface defects.

Comparative results investigation between Infrared Thermography (IRT) and Electronic Speckle
Pattern Interferometry (ESPI) for the NDT&E of Aircraft composites was undertaken by Findeis et.al
[26]. Throughout the experimental investigation using the proposed techniques, similar inspection
methods were applied to the all composites under test. Findeis and his group reported that the
proposed NDT techniques suite well the inspections of aircraft composites as they were able to locate
the presence of all defects at different range of thermal load conditions, though the ESPI method
showed relatively higher sensitivity than the classical IRT. Castanedo et al. [27] carried out another
comparative study for the inspection of aerospace materials using pulsed thermography, lock-in
thermography and vibrothermography. The proposed techniques were employed to inspect two
typical aerospace parts; honeycomb structures and Glare. For pulsed and lock-in thermography,
optical devices were used as a source of energy while mechanical waves were directly applied to the
samples for vibrothermography method to stimulate the defects without heating the surfaces. Pulsed
thermography method was also employed by Bendada et al. [28] for the evaluation of aircraft
composites. Analytical solution using 3D thermal quadrupoles and mathematical perturbations was
proposed to evaluate the depth and the volume of the flaw in a three-dimensional heat transfer
configuration. To implement the proposed mathematical method, Laplace transform on the time
variable t, is first applied and then a Fourier transform on the space variables, x and y is used. It
should be noted that the volume of the flaw is defined as the flaw lateral extent times its thickness.
This numerical method was used to solve data from anisotropic material containing a limited extent
discontinuity. Authors postulated that the obtained theoretical results were then validated using an
artificial sample that was previously inspected using infrared thermography test.

Hung et al. [29] presented a review and comparison investigation between shearography and
active thermography for non-destructive and evaluation applications. Advantages, limitations and
practical applications of the two techniques in the area of non-destructive evaluation of materials
were well discussed. This involved the use of both techniques in aircraft industry. For instance, Hung
pointed out that shearography technique was endorsed by the US-Federal Aviation Administration
(FAA) as a compulsory NDT and evaluation method for inspecting, in particular, delamination’s and
other imperfections in aircraft tires. Also, Hung mentioned that active thermography method has
been successfully employed for flaws inspection in many industrial applications, including aircraft
industry. Acquired data from thermography tests are very often modulated due to the high
contribution of the noise sources. External reflections, variations in the optical properties of the
specimen and non-uniform heating are considered as main contributory noise sources. However,
several signal processing methods were developed to handle this issue, and hence capability of
detection and quantifying different damages could eventually be enhanced [30-31]. Vavilov et al. [32]
provided a thorough review for the signal processing techniques widely employed for IRT data
analysis. Feasibility of Gapped Smoothing Algorithm (GSA) for damage detection was investigated
by Li et al. [33]. GSA method was applied to IRF data from aluminium pate and glass fibre with
different defects such as flat bottom holes, material impurities and delamination. To generate the
required heat, four heating lamps (240 V, 275 W) were employed and TIM-160 IR camera was used
to collect the data. It was concluded that GSA was reliable and effective tool for identification
subsurface damages.

For the detection of disbonds in an insulation, made out of low-density rubber, in solid rocket
motors, Guo et al. [34] employed Pulsed Thermography (PT) method. Comparative results
investigation between several data processing techniques was made. Authors reported that Signal-
to-Noise Ratio (SNR) will reach the highest value if a reference point in a defect free are of the
specimen under test is predefined. Lopez et al. [35] optimized the processing of PT data acquired
from composite fibre reinforced polymers (CFRP), with several simulated defects, using the Partial
Least Square Thermography (PLST) method. It is worth to mention that PT data was collected by a
FPA SBF125 IR camera and two photographic flash lamps were used to generate the heat. Lopez and
his group claimed that the processed images with PLST method could result in an increase for 96%
in the SNR. To quantify the material damages in carbon fibre reinforced polymers (CFRP) under
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impact, Chang el al. [36] used the Multi-Dimensional Ensemble Empirical Decomposition (MEEMD)
algorithm. Also for CFRP subjected to impact test, the Coefficient Clustering Analysis (CSA) method
integrated with PT was applied [37]. Initiation and propagation of fatigues were monitored using
Pulsed Phase Thermography (PPT) method. A threshold was predefined to filter out immature
failures [38]. Lock-In Thermography (LIT) was integrated with Acoustic Emission measurements to
evaluate the fatigue limit on aircraft composite samples (on dog-bone aluminium and cross-ply
SiC/BMAS) [39]. Grammatikos et al. [40] undertook an analysis for the durability and efficiency of
the patch repair for an aluminium wing structure with CFRP composite patches using LIT method.

For better image contrast, and accordingly improved damage identification, Thermographic
Signal Reconstruction (TSR) was applied to Step Heating (SHT) and Long Pulse Thermography (LPT)
for damage inspections in aluminium and composite samples with flat bottom holes of different
dimensions and depth [41]. Arora et al. [42] employed Frequency Modulated Thermography (FMT)
method (time domain and frequency domain representations) to analyse an acquired data from CERP
samples with flat bottom holes. It was reported that the use of frequency domain (phase) method led
to improvement in resolution and high sensitivity for damage detection. Sub-surface artificial defects
in composite sandwich panels (commonly used materials in aircraft applications) could be identified
using Laser-Line Thermography (LLT) [43-44]. Feasibility of Laser-Spot Thermography (LST), Laser-
Line Thermography (LLT) and Ultrasonic Stimulated Thermography (UST) for inspections of
composite materials, employed in aircraft industry, such as metallic turbine blades, aluminium
samples, CFRP composites etc., to name few, was also assessed in several investigations [45-49].

In deed several attempts were made to develop new methods to improve the overall
performance of thermographic techniques. As well-known some of thermography methods employ
external optical flashes to heat the surface of the specimen under test. The temperature decay curve
is then recorded using IR camera. This method, in fact, allow for a good surface inspection only; deep
damages may not easily be detected. In another words, the use of external optical flashes as heat
sources leads to the detection of defects that are located just few millimetres from the sample surface.
This can be attributed to the lack of a significant variation of the local temperatures nearby the
subsurface cracks. To overcome this issue, an alternative method called Ultrasonic Stimulated
Thermography (UST) is employed [50-52]. It should be telling that UST is also widely known as
Thermosonics, Sonic IR or Vibro-Thermography. In UST method strong elastic vibration is generated
within the sample test. Yet, this vibration will eventually cause very high frictional heat at the cracked
surfaces that is measured using IR cameras with high temperature resolutions. One of the methods
used to generate the vibration is to subject the surface under monitoring to an ultrasonic plastic
welding horn. A high acoustic power (pulse power ranging from 1kW to 80kW) with a frequency
domain from 15kHz to 50kHz is applied over a predefined period of time (usually from 30-200
milliseconds) [53]. Tremendous work to investigate the feasibility of UST method using the ultrasonic
horn (as a mean of vibration excitation) for composite materials inspection was recently undertaken.
A thermosonics inspection package integrated with a micro-bolometer array camera was developed
by Polimeno et al. [52]. This compact inspection system was used to detect artificial delamination
(embedded Teflon patch) in composites. Gaudenzi et al. [54] carried out a comparative study between
the performance of UST, standard Optically Stimulated Thermography (OST) and ultrasonic phased
array system for the inspection of CFRP samples that experienced low velocity impact damages.
Findings of this study showed that material micro-defects could be quickly and accurately estimated
using the UST method.

However, the use of ultrasonic horn to excite the vibration within the samples under test was
reported as a causal factor for what-so-called acoustic chaos as a result of the coupling between
material surface and the horn [52]. Yet, this phenomenon (acoustic chaos) will generate
uncontrollable frequency components that may eventually lead the UST method to be incapable of
(non-reproducible) detecting cracks if sufficient vibrations are not provided at the crack locations.
Thus, a Local Damage Resonance (LDR) method has been proposed as an alternative mean for the
material elastic effect instead of the ultrasonic horn. The use of LDR is basically intended to enhance
the vibration amplitude at the damage locations only. This can be implemented as a result of the
interaction between the acoustic/ultrasonic waves and the damaged area at frequencies that match
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the defect resonance [55-59]. Solodov et al. [60] employed Nonlinear Ultrasonic Stimulated
Thermography (NUST) to improve the method for the selection of the driving frequency, which is
used for the heat generation on the surface of materials undergone the test. It is worth to note that
commercial loudspeakers were used to generate the required frictional heat. Authors postulated that
the NUST results were similar to the results obtained by a shearography package. NUST was
nonlinear narrow sweep excitation method by Fierro et al. [61] to detect debonds on aerospace
composite stiffener panels and delamination fatigue damage on aluminium sample.

To stimulate the thermography measurements, Eddy Current Stimulated Thermography (ECST)
method was used. Eddy currents are first introduced into the tested materials using coils and IR
cameras are then employed to measure the associated induction heat; eddy current pulse with a
frequency ranging from 150kHz to 450 kHz over a short period of milliseconds is typically applied
for the excitation [62]. In some research investigations, the ECST was integrated with the Principal
Components Thermography (PCT) to analyse acquired data from CFRP samples impacted at
different energies ranging from 4] to 12] [63-64]. Analysis of phase images along with frequency
domain techniques were employed to analyse ECST datasets acquired from delamination in CFRP
samples [65-66]. Observations showed that the analysis of phase images, in particular, could
periodically eliminate the influence of non-uniform heating, thus enhancing the detectability of the
delamination in composites. Thomas et al. [67] designed a scanning induction method for ECST to
inspect impact damages within CFRP samples. The method involved a continuously moving coil over
the samples under test at an approximately speed of 40mmy/s. The resulting temperature profiles were
then recorded using IR cameras. Yang et al. [68] reported that the combination of heating
thermography through electromagnetic induction with cross correlation match filtering could
alleviate not only the non-uniform heating but also lateral blurring effects that were typically noted
when ECST method was used for damage inspections in CFRP.

The selection of the thermal excitation sources has to be give a para amount of importance. The
reason behind this is that for the selection of proper thermal stimulation sources, factors such as
clearance and accessibility of the samples, available power consumption, inspection cost, limitations,
etc., to name a few, are considered. This has represented one interesting area of further research until
today’s date, and hence a number of studies have been undertaken to investigate the potential for
improving/developing upon the existing thermal excitation methods. For instance, to directly tackle
and respond to the lack of this engineering improvement, some studies have shedded light on the
use of Microwave Thermography (MWT) and Material-Based Thermography approaches. To
generate the required heat, the former basically employs electromagnetic radiation microwaves with
high frequencies ranging from 300 MHz to 30 GHz [69]. The latter is based on either exploiting some
specific properties of samples under examination and accordingly assess the internal health integrity;
this method is known as a Direct Material-Based Thermography (DMT), or adding some thermos-
resistive components to the composites at the manufacturing stage, which will work as an internal
thermal stimulation when thermography tests are performed; this approach is known as an Indirect
Material-Based Thermography (DMT) [70]. Yang et al. [71] investigated the feasibility of MWT
approach NDT applications and inspection of structural health integrity. It is worth mentioning that
the application of MWT method in aerospace industry has only been introduced in the recent years.
Comparative study between the MWT and CO2 Laser Infrared Thermography (LIT) for the analysis
of defect detection due to impact in CFRP was done by Palumbo et al. [72]. Both approaches were
reported as reliable tools for the detection of impact damages within CFRP though MWT needed less
time for heating the samples (only two seconds) and simple signal processing analysis.

Sakagami et al. [73] performed an experimental work using two different Direct Material-Based
Thermography (DMT) approaches. The first approach is called Singular Method and it is basically
dependent on the increase of electrical current density near the tip of cracked regions to generate the
required heat on electrically conductive materials under examination. The associated generated heat
(concentration) can be easily detected from the top samples surface using IR camera. This method
was applied to intralaminar crack tip at different angles of 0o, 350, 450, 600 and 900 in a stainless
steel plate. It was concluded that this method led to less significant heat concentration when small
inclination angles of crack were investigated, thus resulting in poor detection of cracks. Also was
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noted that ~20 A input current is required for the singular method to detect the presence of the
internal cracks. The second investigation involved the use of what-so-called Insulation Method. The
authors developed this technique mainly for the detection of interlaminar cracks in CFRP composites.
In this method, defects will act as an insulation as no singularity is generated within the temperature
field. This will produce low temperature regions that can be detected from the top samples surface.
Sakagami et al. employed this technique to detect a patch of polyimide film in a CFRP sample (500mm
x 100mm) with 12 layers. Results revealed that this DMT method (insulation method) offers good
alternative method for the inspection of internal flaws though high input current of ~40 A must be
supplied for high detection accuracy.

Internal health integrity of carbon fibres in CFRP composites has also been investigated using
what-so-called Electrical Resistance Change Method (ERCM) and thermography [74-76]. The idea
behind ERCM is to exploit the electrical conductivity of carbon fibres, which are used as sensors, and
monitor any changes in the electrical resistance for cracks/damages identifications. ERCM has been
integrated with thermography by Suzuki et al. [77-78] for the inspections of defects in two outermost
layers of a composite laminate, aerospace composites, that were subjected to an electrical voltage.
Suzuki et al. has recorded the varying temperature fields using IR camera. Another combination of
thermography and ERCM was made by Grammatikos et al. [79] to undertake a comparative
investigation between the available optical thermography techniques for aero-structures
applications. Feasibility of techniques such as Pulsed Thermography (PT), Pulsed Phase
Thermography (PPT) and Lock-In Thermograph (LIT) to determine the integrity of aircraft structure
was investigated. In this work, a square electric pulse at low frequency was employed as a heat
stimulation. Ahmed et al. [80] has also applied the metal based thermography for the inspection of
composites using Heat Emitting Layer (HEL) technique. HEL employs additional layers embedded
into laminate structure for rapid inspection of big regions. Orlowska et al. [81] has embedded a
specifically designed 3D electrical grid made out of metal elements to produce low thermal density
at damage regions. Authors used a long wave IR camera to acquire the data from the experimental
tests.

As it can be seen that the literature, indeed, abounds with numerous attempts made not only to
improve the existing thermography methods for the evaluation of aircraft composites but also to
develop new techniques. However, these attempts were not only limited to the improve and/or
develop new inspection tools rather they show that there are as well some studies have applied some
well-established techniques for structural health monitoring. For instance, Avdelidis et al. [82-83]
assessed the health status of aircraft composites using transient thermal NDT. Failure modes such as
through skin sensing assessment of CFRP, impact damage on carbon fibre, drilling induced defects
on multi-ply laminates of HEXCEL AS4/8552 carbon fibre composites, notches under multi-ply
composite patching and simulated delamination between two plies on a multiply composite repair
were investigated. Real time monitoring using pulsed thermography method was undertaken to
record all emitting features from samples under examination. Authors claimed that the proposed
thermal NDT approaches used in this research work are very promising in the area of inspection of
various defects and/or subsurface features on aerospace composites.

In a research project, Kostopoulos et al. [84] employed a specifically designed robotic platform
for autonomous monitoring of aeronautical composites. A combination of Infrared Thermography
(IRT) and Phased Array (PA) was integrated with laser repair capabilities in this robotic scanner. It
is worth to mention that this project is still on-going and aims to provide a reliable, rapid and robust
tool for detection and characterization of different damages within aircraft materials. Deane et al. [85]
also employed Unmanned Aerial Vehicle (UAV), integrated with a thermographic imaging system
for the real-time inspection of aircraft CFRP panels. The investigation, in particular, focused on the
use of pulsed thermography and vibrothermography. It was concluded that the UAV inspection
approach could increase the probability of damage detection and significantly reduce the cost, time
and workload of NDT inspections.

Machine learning algorithms were also employed to improve the feasibility of IRT for the
inspection of composites. Example of this was the research work undertaken by Saeed et al. [86].
Artificial Neural Network (NN) was integrated with a line-scan thermography to detect different
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defects depth. This configuration was applied to specifically designed CFRP coupons with embedded
and flat bottom holes” defects. It should be telling that a 3D printing method was used by the authors
to manufacture test CFRP. Prior to the experimental analysis using the proposed NN method, a
Multiphysics FEM simulation model of the inspection process was run to generate some training
datasets for the assessment of the developed NN structure in a deterministic (noise free)
environment. It was concluded that the detection accuracy of the proposed NN for the simulated data
and the experimental data was 97% and 90% respectively. The artificial neural network algorithm
was also combined with what so called Pulsed Thermal Ellipsometry (PTE) to investigate the fiber
orientation on laminates reinforced with randomly-oriented strands [87]. Different CFRP samples
were experimented using two thermography heating approaches. The first investigative step
involved the use of traditional point heating source based on the Laser Spot Thermography
Technique (LST) whilst the second method, proposed by the authors, is the line heating technique.
This approach is basically based on the Laser Line Thermography Technique (LLT) and incorporated
with an Artificial Neural Network (ANN) to ease the inspection of large areas in very short time. To
properly heat the sample over a line region, Flying Laser Spot (FLS) method was used. The acquired
thermal sequence was analyse using different image processing techniques such as Principal
Component Thermography (PCT), Dynamic Thermal Tomography (DTT), Pulsed Phase
Thermography (PPT). Authors reported that PCT showed an advantage over the other techniques as
it recorded the highest accuracy of inspection in the training stage (91.3%) and in the testing stage
(71.6%). Another multilayer Neural Network (NN) algorithm was selected to online predict different
defect depths on carbon fiber samples [88]. The NN was linked line scan thermography setup to
continuously transverse a controlled heater in tandem with a thermal detector in a linear x-y-z stage.
To implement the proposed inspection method datasets were simulated using a multiphysics. This
simulated data was employed to train the proposed NN model which eventually was validated using
the analysis of experimental datasets.

2.2. Ultrasonic Testing (UT) and Acoustic Emission Technology (AE)

Off the shelf, some research work has shown that the ultrasonic inspection technique could
accurately detect a flaw in size, shape and depth for different kinds of composite structures used in
the aeronautic industry [89-90]. Ultrasonic technique was discovered before the world second war
and officially introduced by Japan shortly after to the international medical community. Ultrasonic
testing (UT) uses very short range high frequency (frequency range lies between 1IMHz to 25MHz
or even above) ultrasonic waves [21]. Composite materials under NDT inspections will emit elastic
waves (Lamb waves), which due to the anisotropic nature propagate in selective directions. Within
the material under ultrasonic test, the elastic waves (Lamb waves) may produce three detection
modes (reflection, transmission and backscattering) [91]. The feasibility of Lamb waves for the
detection of different damage modes was discussed/summarised by Rose [92]. Su et al. [93]
thoroughly summarized the generation and collection of UT data (Lamb wave-based damage
identification approaches), selection of different modes, undertaking of modelling and simulation
and eventually how the collected data is processed (using different signal processing techniques)
and interpreted. In his PhD research work, Wronkowicz [94] utilized ultrasonic testing and image
analysis as non-destructive evaluation tools for composite aircraft elements. The study concluded
that accuracy, reliability and feasibility of ultrasonic testing for composite aircraft elements can be
further improved with the use of image processing analysis.

Relatively similar to ultrasonic, Acoustic Emission (AE) is a phenomena of stress wave’s
generation due to a rapid release of energy from localized sources within a stressed material [95]. AE
is considered as a real-time non-destructive evaluation (NDE) tool that can be used to detect AE
events related to structural damages. If acoustic sensors are integrated with an effective signal
processing system, AE can offer the user an ideal technique for real-time structural health monitoring
[95]. For the aerospace applications, AE has been employed since several decades to monitor, for
instance, airframe components in Air Force C-5A and Aircraft Transport C-135 [96]. Further, United
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States Air Force (USAF) has considered AE for monitoring F-105 fleet [96]. The feasibility of AE for
modern monitoring of high performance aircrafts is still the subject of today’s investigations. New
published research work for instance includes the attempt by Tian et al. [97] where the Acoustic
Emission (AE) technology was employed for the inspection of aircraft structures. AE beamforming
method was proposed, in particular, to locate the AE sources emitting from damaged structures.
Beamforming method based estimation can easily identify the location of sound signals from three
dimensions near the monitored field. The obtained results were validated using several pencil lead
break tests at various regions of a thin steel plate (1000mm x 800mm). It is worth noting here that AE
data was acquired at a sample rate of 3MHz. Authors reached a conclusion that AE beamforming
method could successfully identify locations of faulty structures. Also, the research work of Wang et
al. [98] has focused on the use of piezoelectric (PZT) sensor network with shared signal transmission
wires for active and passive monitoring of the health integrity of aircraft smart skin. The proposed
method is basically dependent on the sharing of the transmitted signals between PZT sensors in a
given network using signal transmission wires. A matrix of (7 x 7) PZT sensors, connected to each
other via shared signal transmission wires, was designed and manufactured using Flexible Printed
Circuit (FPC) process. It was reported that the use of FPC could lead to significant reduction in the
weight of the manufactured layer. The authors postulated that the proposed method could identify
the actual locations of impacts and/or damages on a glass fiber reinforced plate with an effective
monitoring region of (780 mm x 780 mm). The topic estimation of remaining useful life for aircraft
structures was also the subject of intensive research. Well planned and timely prognosis of aircrafts
components will ensure safe flights, scheduled maintenance activities and low downtime. Ul-Hassan
et al. [99] undertook a comparative investigation between different programs that are possibly viable
for the prediction of crack propagation in aircraft wings. The proposed framework was applied to
flaw data acquired from countersunk rivet-holes of an in-service Airbus A310 aircraft’s wing.

2.3. Eddy Current Testing (ECT)

Eddy Current Testing (ECT) employs electromagnetic induction to detect defects in an
electrically conductive material. In ECT, when a conductive material carrying alternating current is
bought in proximity to the test specimen, it generates eddy current and consequences of these eddy
currents are measured. It can also be described as the use of the effect of electromagnetic fields and
induction to characterize physical properties of metallic materials [21, 100]. An impedance plane plot
is very often used to represent the ECT results. The coil resistance and inductive reactance are plotted
on x-axis and y-respectively. And the shape of the resulting ECT impedance graph similar to
Lissajous figures; generally, visual observations from this graph are used to interpret and spot the
defects [101]. A Pulsed Eddy Current (PEC) sensor was employed in a specifically designed test-rig
by Sophian et al. [102] for the detection of lap-joint structures in aircrafts. One of the reported
advantages of this sensor is the use of new excitation circuit that does not need any additional signal
amplification. Statistical features such as peak value in both time and frequency representations were
extracted from the acquired data. Initial observations from this study showed that the proposed
current system could detect surface and subsurface cracks. Further signal processing analysis could
also ease the identification of defect locations and alleviate the noise in the modulated data.

To improve the processing of measured data obtained from NDT’s in aerospace applications,
D’Angelo et al. [103] applied mathematical Genetic Programming (GP) model to a publicly available
Eddy-Current dataset. Evaluation/assessment of the obtained results was undertaken using the well-
established metrics for assessing binary classifiers. The authors stated that the proposed GP classifiers
have showed an advantage over the other known approaches when they are compared against the
inaccuracy, uncertainty and the presence of noise in data. Furthermore, the proposed GP-based
Classifier (GPC) could successfully extract the complex insights (information) from the selected NDT
features more efficiently. It should be telling that the results were represented on the impedance plane
plot and the proposed analysis approach presented in [101, 104-106], which is highly depending on
the characterization of Lissajous shapes using some geometric features, was employed to avoid the
similarity among Lissajous shapes, the presence of noise and high number of measurement points
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that may belong to either different defects or to the presence of noise; thus leading to inaccurate visual
interpretation. The ECT has also been employed to detect gaps between CFRP composites as a result
of overlapping of assembly parts with geometrical changes [107]. Two overlapped reinforced plastic
(CFRP) tapes were tested and the thickness of the gaps was changed by increasing the number of PVS
sheets between the tapes. The extracted ECT features were used to train some machine learning
classifiers, which have accordingly been used to differentiate the gaps and the obtained results were
validated through the 10-fold cross validation method. Li et al. [108] quantitatively evaluated
damages in CFRP plates, also widely known as green aircraft production, using a non-contact
electromagnetic (EM) sensor with coupled spiral inductors (CSI). Under induced impact and
simulated damages, locations, depth and width of subsurface defects were determined. Further,
signal features such as inspection frequency, standoff distance and signal power were also
investigated prior testing. Authors reported that analysis of signal features has eased the
experimental setup and the sensor calibration.

The lack of an appropriate adhesive bonding for load critical CFRP primary structures, which
may eventually cause a surface contamination, led De Vito et al. [109-110] to propose an electronic
nose structure, a hybrid Airsense GDA2 electronic nose sensor array, as NDT tool for the inspection
of pre-bond surface. The GDA2 configuration consisted of two Metal Oxide (MOX) sensors, one
Electrochemical (EC) sensor, one Photo Ionization Detector (PID) sensor and an integrated Ion
Mobility Spectrometer (IMS) sensor. This platform was integrated with an ad-hoc pattern recognition
system, combination of real time classifiers and implementing a reject option, to rapidly determine
the contamination conditions. This configuration was used to investigate three different
contamination levels. It is worth to mention that moisture, hydraulic fluids and release agents were
employed to simulate the contamination scenarios. Findings of this study showed that the proposed
method could achieve 78% of classification accuracy with 14% false positive rate and 0% false
negative rate. Dilonardo et al. [111] proposed X-ray Computed Tomography (CT) as a versatile NDT
inspection technique for health integrity of aircraft CFRP composites. The method was applied to
assess the status of porosity levels in two different aircraft CFRP materials (layered composite and
sandwich structure). The investigation included the study of volume distribution of the individuated
pores/voids that allowed for interactive 3D exploration and quantitative analysis for the porosity
levels. The authors postulated that the proposed CT technique along with the selected data analysis
method in this work could provide sufficient details about size, location and shape for failure modes
such as pores and misalignment in CFRP under severe stress conditions; thus it could be considered
as one of good alternative tools for the classical NDT inspection methods (authors’ view).

3. 3. Conclusion

There is a tremendous published work, off the shelf, in the literature that needs to be
summarised in one document. This paper attempted to present an overview of the most published
research work that investigated the feasibility of well-established NDT techniques and some other
developed tools for the inspection and evaluation of aerospace components. The review also
highlighted some signal processing method and machine learning algorithms which were combined
with these NDT techniques to ease and increase their capabilities in the inspection of composite
damages. With so many different techniques, each having their own characteristics, some of them
might be possibly viable for certain applications but utterly infeasible in other cases. It was seen that
some of these techniques were reported as a rapid, contactless, relatively low-cost compared to the
others and, when they are integrated with efficient and advanced data processing tools for the
inspection of composites’ defects such as flaws at surface and subsurface of the metals, between
surface coatings, delamination, debonding, corrosion and fatigue damage etc., to name a few, they
could offer the end-users very reliable and robust and high accurate defect identification techniques.
However, some developed/proposed methods are still in their infancy for the NDT&E of aerospace
composites. Hence, when preparing the inspection plan, it is very essential to be well
advised/experienced of the selection of the appropriate NDT technique. This is very critical and must
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be given a para amount of importance; thus optimizing and ensuring a high accuracy level for the
overall inspection outcomes.
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