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Résumé

L’évaluation non destructive (NDT) des matériaux composites est compliquée en raison de
la vaste gamme de défauts rencontrés (y compris délaminage, microfissuration, fracture de la
fibre, retrait des fibres, fissuration matricielle, inclusions, vides et dommages aux chocs). La
capacité de caractériser quantitativement le type, la géométrie et I'orientation des défauts est
essentielle. La thermographie infrarouge (IRT), en tant que technique de diagnostic d’image,

peut satisfaire le besoin industriel croissant de NDT&E.

Dans la theése, la thermographie par excitation optique et mécanique a été utilisée pour étu-
dier différents matériaux composites, dont 1) des préformes séches en fibres de carbone, 2) des
composites de fibres naturelles, 3) des composites hybrides de basalte-fibres de carbone soumis
a une charge d’impact (séquence de type sandwich et séquence d’empilement intercalé), 4) des
défauts micro-dimensionnés dans un composite polymeére renforcé de fibre de carbone (CFRP)
en 3D avec une couture de type « joint en T », et 5) des peintures sur toile qui peuvent
étre considérées comme des matériaux composites. Une nouvelle technique IRT de thermo-
graphie de ligne par micro-laser (micro-LLT) a été proposée pour ’évaluation des porosités
submillimétriques dans le CFRP. La microscopie de points par micro-laser (micro-LST) et la
micro-vibrothermographie (micro-VT) ont également été présentées avec l'utilisation de mi-
crolentilles. La thermographie pulsée (PT) et la thermographie modulée « a verrouillage » (LT)
ont été comparées a la tomographie par rayons X (TC) pour validation. Le C-scan ultrasonore
(UT) et 'imagerie par ondes tera-hertziennes en onde continue (CW THz) ont également été
réalisés a des fins comparatives. L’inspection par techniques thermographiques est une question
ouverte & discuter pour le public scientifique. En fait, la thermographie par impulsions (PPT)
basée sur la transformation de phase a été utilisée pour estimer la profondeur des dommages.
Pour traiter les données thermographiques, on a également utilisé la reconstruction de signal
thermographique de base (B-TSR), la thermographie des composants principaux (PCT) et la
thermographie des moindres carrés partiels (PLST). Enfin, une analyse compléte et compa-
rative basée sur le diagnostic d’images thermographiques a été menée en vue d’applications

industrielles potentielles.
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Abstract

Non-destructive testing (NDT) of composite materials is complicated due to the wide range of
flaws encountered (including delamination, micro-cracking, fiber fracture, fiber pullout, matrix
cracking, inclusions, voids, and impact damage). The ability to quantitatively characterize
the type, geometry, and orientation of flaws is essential. Infrared thermography (IRT), as an

image diagnostic technique, can satisfy the increasing industrial need for NDT&E.

In the thesis, optical and mechanical excitation thermography were used to investigate differ-
ent composite materials, including 1) carbon fiber dry preforms, 2) natural fiber composites, 3)
basalt-carbon fiber hybrid composites subjected to impact loading (sandwich-like and interca-
lated stacking sequence), 4) micro-sized flaws in a stitched T-joint 3D carbon fiber reinforced
polymer composite (CFRP), and 5) paintings on canvas which can be considered as com-
posite materials. Of particular interest, a new IRT technique micro-laser line thermography
(micro-LLT) was proposed for the evaluation of submillimeter porosities in CFRP. Micro-
laser spot thermography (micro-LST) and micro-vibrothermography (micro-VT) were also
presented with the usage of a micro-lens. Pulsed thermography (PT) and lock-in thermogra-
phy (LT) were compared with x-ray computed tomography (CT) for validation. Ultrasonic
C-scan (UT) and continuous wave terahertz imaging (CW THz) were also conducted for the
comparative purpose. The inspection by thermographic techniques is an open matter to be
discussed for the scientific audience. In fact, pulse phase thermography (PPT) based on phase
transform was used to estimate the damage depth. Basic thermographic signal reconstruction
(B-TSR), principal component thermography (PCT) and partial least squares thermography
(PLST) (another more recent advanced image processing technique) were also used to pro-
cess the thermographic data. Finally, a comprehensive and comparative analysis based on

thermographic image diagnostics was conducted in view of potential industrial applications.
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Introduction

Background

Quality control (QC) is playing an increasingly important role for modern industrial produc-
tion. This enhances the need of advanced image diagnostic techniques [7]. Image diagnostics
has been applied in many sectors of QC, e.g., monitoring of electronic chips or dies in semi-
conductor production lines, defect inspection during automatic manufacturing and damage
detection of composite materials in the aerospace industry, etc [8; 9]. Image diagnostics in-
cludes a wide group of analytical techniques used in science and industry to evaluate the
properties of materials, components, or systems preventing potential damages after manufac-
turing or in service [10; 11]. During the manufacturing and applications of composite materials,
besides employing advanced manufacturing techniques to raise the production rate, the uti-
lization of reliable and cost-effective condition monitoring, fault diagnosis, non-destroctive
testing (NDT), and structural health monitoring is very important [12; 13; 14]. In this direc-
tion, the inspection of post-impact damages of industrial aerospace composite materials via

image diagnostic techniques is becoming more and more common [15].

Infrared thermography (IRT) technique is based on the recording of images and is gaining
increasing attention in the recent years due to its fast inspection rate, contactless nature,
spatial resolution and acquisition rate improvements of infrared cameras. In addition, the de-
velopment of advanced image processing techniques plays an important role in its exponential
increment [16; 17]. IRT can be used to assess and predict the structural integrity beneath the
surface by measuring the distribution of infrared radiation and converting the measurements
into a temperature scale [18]. Among the whole set of experimental set-ups, optical excitation
thermography has been applied due to its ability to retrieve quantitative information concern-
ing the defects. In addition, mechanical excitation thermography is also attracting increasing

attention due to the powerful excitation approach.

The thesis is based on the image diagnosis and evaluation of different composite materials
by IRT, ultrasonic C-scan (UT), X-ray computed tomography (CT) and continuous wave
terahertz imaging (CW THz) for the comparative purpose. In addition, new IRT techniques

are also proposed.



Research Objective

The main objective of the research is to evaluate different composite materials by IRT, UT,
CT and CW THz for the comparative purpose. Advanced image processing technique will
also contribute to the evaluation. New IRT techniques are also proposed to address the new
issues in the field of NDT&E. Finally, a comprehensive and comparative analysis based on

image diagnostics was conducted in view of potential industrial applications.

Organization
The thesis is organized into 7 chapters.

In Chapter 1, different NDT&E techniques are reviewed: 1) optical excitation thermography
including PT and LT, 2) UT, 3) CT, 4) CW THz.

In Chapter 2, the common and recently developed data analyzing and image processing meth-
ods are reviewed: 1) pulsed phase thermography (PPT), 2) partial least square thermography
(PLST), 3) principal component thermography (PCT), 4) basic thermal signal reconstruction
(B-TSR), 5) cold image subtraction (CIS).

In Chapter 3, optical excitation thermography was used to evaluate six carbon fiber dry
preforms with different textile structures, thicknesses and defects. Comprehensive comparisons
were conducted for: 1) providing the thermographic characteristics of different preforms; 2)
summarizing the capability of image diagnostic/processing techniques; and 3) offering the

most feasible monitoring modality for industrial manufacturing.

In Chapter 4, optical and mechanical excitation thermography were used to evaluate impacted
mineral and vegetable fiber composites including basalt fiber reinforced polymer laminates
(BFRP), jute/hemp fiber hybrid polymer laminates (JHFP), and homogeneous particleboards
of sugarcane bagasse (SCB). In addition, UT and CW THz imaging were also carried out on
the mineral fiber laminates. Finally, a comprehensive comparison of different techniques for

natural fiber composites detection was conducted.

In Chapter 5, optical and mechanical excitation thermography were used to investigate basalt
fiber reinforced polymer (BFRP), carbon fiber reinforced polymer (CFRP) and basalt-carbon
fiber hybrid specimens subjected to impact loading. Of particular interest, two different hybrid
structures including sandwich-like and intercalated stacking sequence were used. In particular,

PT and LT were compared with x-ray computed tomography (CT) for validation.

In Chapter 6, a new micro-laser line thermography (micro-LLT) is presented. X-ray micro-
computed tomography (micro-CT) was used to validate the infrared results. Then, a finite
element analysis (FEA) is performed. The geometrical model needed for finite element dis-
cretization was developed from micro-CT measurements. The model is validated for the

experimental results. The same infrared image processing techniques were used for the ex-



perimental and simulation results for comparative purposes. In addition, a new micro-laser
spot thermography (micro-LST) and micro-vibrothermography (micro-VT) were also proposed
thanks to the use of micro-lens. Finally a comparison of micro-laser excitation thermography

and micro-ultrasonic excitation thermography is conducted.

In Chapter 7, a CW THz (0.1 THz) imaging system was used to inspect paintings on canvas
both in reflection and in transmission modes. In particular, two paintings were analyzed: in
the first one, similar materials and painting execution of the original artwork were used, while
in the second one, the canvas layer is slightly different. Flash thermography was used herein
together with the THz method in order to observe the differences in results for the textile

support materials. The canvas textiles can be considered as composite materials.



Chapter 1

A Review of NDT&E techniques

In this chapter, we will review the modern NDT&E techniques proposed in the literature.

1.1 Optical Excitation Thermography in this research

Optical excitation thermography includes pulsed thermography (PT) and lock-in thermogra-
phy (LT) experimental set-ups among others.

In PT, photographic flashes or high-energy lamps are used to generate a heat pulse on the
specimen surface. The heat transmits itself through the specimen, by diffusion, and then
returns to the specimen surface. As time elapses, the surface temperature decreases uniformly
for a specimen without internal flaws. On the contrary, subsurface discontinuities can be
thought of as resistances to heat flow that change the diffusion rate and produce abnormal
temperature patterns at the surface. If these patterns are large enough, then they can be
detected with an IR camera and only a few mK as AT is needed for the detection of thermal

imprints using modern thermographic imaging equipment [4; 19|.

The Fourier equation for the propagation of a Dirac heat pulse in a semi-infinite isotropic solid

by conduction is:

Q 2z
(-
VEpepmt 4ot

where, Q[.J/m?] is the energy absorbed by the surface and Tp[K] is the initial temperature.

T(z,t) = T + ) (1.1)

The Dirac heat pulse consists of periodic waves at all frequencies and amplitudes. A photo-
graphic flash provides an approximately square-shaped heat pulse, which can be considered
as a convenient approximation. Therefore, the signal can be decomposed by periodic waves

at several frequencies. The shorter the pulse, the broader the range of frequencies.

LT, derived from photothermal radiometry, is also known as a modulated technique. In LT

configuration, the absorption of modulated optical heating leads to a temperature modulation,



which transmits itself through the specimen as a thermal wave. When the thermal wave is
reflected by the defect boundary, the superposition to the original thermal wave will lead to
the transformation of the response signal amplitude and phase on the surface. These signals
are simultaneously recorded by the IR camera. Photothermal radiometry is a raster point-
by-point technique which requires a long acquisition time, especially for deep defects (low
modulation frequencies). Sinusoidal waves are typically used in LT, which has the following
advantages: 1) frequency and shape of the response are preserved, and 2) only the amplitude

and phase delay of the wave may change [4; 19].

Heat diffusion through a solid can be described by Fourier’s law of heat diffusion [20]:

op 1 0T _
T o =0 (1.2)

where, a = k/pcy[m?/s] is the thermal diffusivity of the material, kK[W/mK] is thermal con-
ductivity, p[kg/m?] is the density, and c,[J/kgK] is the specific heat at constant pressure.

Fourier’s law for a periodic thermal wave propagating through a semi-infinite homogeneous

material can be expressed as [21]:

2m - 2

T(z,t) = Toel~*/M cos( — wt) (1.3)

where, Ty[°C] is the initial temperature change, w = 27 f[rad/s] is the modulation frequency,
f[H?z] is the frequency, A[m] is the thermal wavelength: A = 27, and p[m] is the thermal
diffusion length, which determines the rate of decay of the thermal wave as it penetrates

through a material:

H=A "~ =4~ = (1.4)

The amplitude and the phase delay can be calculated from the Fourier transform as detailed

in section 2.1.

1.2 Mechanical Excitation Thermography

Vibrothermography (VT) uses mechanical waves to stimulate internal defects without heating
the surface as in optical excitation thermography. Photothermal radiometry can be considered
as the predecessor of optical thermography; VT should be the successor of optoacoustics
or photoacoustics phenomena in which microphones or piezoceramics in contact with the
specimen and a lock-in amplifier were used to detect the thermal wave signature from a defect.
In VT, ultrasonic waves travel through a specimen, in which an internal defect results in a
complex combination of absorption, scattering, beam spreading and dispersion of the waves.
The waves generate heat which subsequently travels by conduction in all directions [22]. An

IR camera faces the surfaces of the specimen to capture the defect signature [4].



1.3 Ultrasonic C-scan (UT)

Ultrasonic C-scan is a well-established NDT method which has the ability to detect flaws in
either the partial or entire thickness of the materials[23]. It has been widely used to detect
flaws in metals[24]. It is also increasingly used to detect composites due to its flexibility and

convenience.

It is a challenge to detect thick 3D CFRP using ultrasonic c-scan due to its complex internal
structure. The complex internal structure can cause attenuation and scattering of ultra-
sonic beams|25]. Ultrasonic c-scan has been widely used to detect voids and laminates in

composites|26].

1.4 X-ray Computed Tomography (CT)

The division between what is considered ’conventional’ computed tomography and 'micro-
tomography’ is an arbitrary one, but generally the term micro-tomography is used to refer to
results obtained with at least 50-100 pm spatial resolution [27]. CT has become a familiar
technique. Recently it is also increasingly gaining popularity as an accessible laboratory
technique for NDT of materials and components, especially due to the recent appearance of
several commercial systems. Such instruments offer the potential for the widespread use of

micro-CT as a tool for characterization of damage in composite materials [28].

Application of micro-CT to composite materials was concentrated on metal-matrix and ceramic-
matrix composites in the past. The spatial scale of features in these materials including fiber
location and waviness [29], fiber breakage [30], local porosity and density [31], void volume
[32], fatigue crack growth [33], etc. are accessible to micro-CT. However, recently some studies
on polymer matrix composites have also been reported. In 2000, impact damage including
fiber fracture and delamination in T300/914 carbon fiber/epoxy laminates was characterized
[34]. In 2002, impact damage in an epoxy/E-glass composite was also measured [35]. In
2004, micro-CT was used to determine internal structure in a polymer foam reinforced with
short fibers [36]. In 2005, a study was undertaken to assess the capabilities and limitations
of micro-CT for fiber-reinforced polymer-matrix composites, where different specimens with
a variety of damage types, geometries and dimensions were investigated to assess the effect
of the system resolution on the ability to determine the internal geometry of flaws including
delamination, matrix crack, and especially micro-crack, which is a subject of critical interest in
the study of fiber-reinforced polymer-matrix composite laminates [28]. In 2006, an evaluation
of micro-CT was performed to determine the geometry of fiber bundles and voids in glass fiber
reinforced polymers (GFRP). As a consequence, each fiber bundle and inter bundle voids can

be observed separately [37].



1.5 Continuous Wave Terahertz Imaging (CW THz)

The electromagnetic waves range inherent to THz spectroscopy is located between 0.1 THz
and 10 THz. THz wave generation is a challenge because the THz range is located at the
boundary of electronics (based on the motion of electrons) and the photonics (based on the
atomic transitions of electrons) modes of EM wave generation. However, the development
of photonics and electronics in recent years has enabled the compact yet sophisticated THz
imaging systems [38]. The principles of continuous wave (CW) imaging has been known for
several decades [39; 40]. Pulse imaging can provide depth, frequency-domain or time-domain
information of the object, while CW imaging can only yield intensity data using a fixed
frequency source and a single detector [41]. However, in THz imaging, a CW imaging system
is compact, simple and relatively low-cost without a pump-probe system. Simultaneously,
the complexity of the optics involved can be greatly reduced [42]. A recent THz time-domain
system uses a shaker-technique to reduce measurement time, so the total observation time
depends on scanning itself. Therefore, both pulse and CW THz systems can provide fast
scanning. Regarding scientific research, simplicity is the main advantage of CW THz while
the key advantage of pulse THz is flexibility, in which all the information is recorded within
a single measurement to be processed in order to acquire the needed information for different
applications. Since the frequency spectrum of CW THz is narrow, a large F-number Fresnel

lens can be used to increase the resolution by focusing onto a spot [43].

In order to introduce the reader to the ‘“result analysis" section it is important to describe the
main physical concepts at the base of the THz method, as well as the experimental set up
used to record the data. Usually, materials have different reflection and absorption coefficients
for THz radiation, e.g., metals are better reflectors, polar liquids such as water are excellent
absorbers, and anisotropic materials such as composites have variable reflectance relative to
the fibre direction. The THz refractive indices and absorption coefficients are related to the
material’s structure and properties. The Claausius-Mossotti equation (Eq. 1.5) [44] is usually
used to calculate the refractive indices, which links the dielectric constant € to the microscopic

polarizability P,

e—1 Anm P
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where N4 is Avogadro’s number, p is the mass density, and M is the molecular weight.

The model developed by Schlémann [45] and Strom [46] is usually used to calculate the
absorption coefficients. The model explains far-infrared absorption in amorphous materials in

terms of disorder-induced coupling of radiation into the acoustic photon modes [47].

CW THz wave propagations in uniform solid materials is linear, and the transmission intensity

can fit Beer’s Law very well. For instance, in case of wood inspection, it is known that spruce



absorption correlates with its density in the THz range, and this can be used for density
mapping [48]. The derived CW THz absorption coefficient of various timbers can be obtained
as follows [49]:

(6]
=~ 4.69 (1.6)
P

where, a[em™1] is the absorption coefficient at 0.1 THz and p[gem ™3] is the material density.



Chapter 2

Infrared Image Processing

In this chapter, we will review the infrared image processing techniques proposed in the liter-

ature.

2.1 Pulsed Phase Thermography (PPT)

Discrete Fourier transform (DFT), or more precisely fast Fourier transform (FFT) on thermo-
graphic data was first proposed by Maldague and Marinetti in 1996 [50]. DFT can be used to
extract amplitude and phase information from LT and PT data. DFT can be written as [51]:

N-1
F, = At Z T(k - At)exp =72 /N) = Re, + Im,, (2.1)
k=0
where, j is the imaginary number (j2 = —1), n designates the frequency increment (n =

0,1,...N), At is the sampling interval, Re and I'm are the real and the imaginary parts of

the transform, respectively.

Re and I'm are used to estimate amplitude and phase [52]:

A, =+/Re2 +1Im2 (2.2)

Im,

an = tan_l( Ren

) (2.3)

DFT can be used with any waveform and has the advantage of de-noising the signal. FFT
can also be implemented instead of DFT for phase and amplitude transform due to its fast
processing. The most important characteristic of phase and amplitude transform is that
they provide the possibility to obtain quantitative results in a straightforward manner. A
relationship exists between the depth z of a defect and the thermal diffusion length p. Physico-
mathematical expressions have been proposed, such as:

a

z2=C1-p=0Cq-
1 Vs

(2.4)



where, f; is known as the blind frequency - the frequency at which a given defect has enough
(phase or amplitude) contrast to be detected, while C is calculated after a series of experi-

ments.

It has been observed that C7 ~ 1 for amplitude transform [53], while reported values for phase
transform are in the range of 1.5 to 2 [53], with C7 = 1.82 typically adopted for similar cases
such as the present [54|. Therefore, for NDT applications, phase transform is more important
than amplitude because it can retrieve the deeper information. The frequency components
can be derived from the time spectra as follows:

. n
N At

fn (2.5)

where, n designates the frequency increment (n = 0,1,...N), At is the time step, and N is

the total number of frames in the sequence.

Phase ¢,, is particularly important because it is less affected than raw thermal data by envi-
ronmental reflections, emissivity variations, non-uniform heating, surface geometry, and ori-
entation. These phase characteristics are very attractive not only for qualitative inspections
but also for quantitative characterization of materials [19; 4]. This technique is also known as
pulse phase thermography (PPT) [50].

2.2 Partial Least Square Thermography (PLST)

Partial least square (PLS) methods relate the information present in two data tables that
collect measurements on the same set of observations. PLS methods proceed by deriving
latent variables which are optimal linear combinations of the variables of a data table. Indeed,
one of the advantages of these techniques is the possibility of analyzing simultaneously two
matrices X and Y, taking into account the relationship between each other. One of these
matrices is necessarily the data matrix, the second one could be the time vector or a model
matrix. After choosing a number of components ¢ (usually, similar to the useful components in
principal component analysis — PCA) PLS performs the simultaneous decomposition of both

X and Y. Mathematically, PLS is expressed as follows:

X=T-PT+E (2.6)

Y=U-Q" +F (2.7)
where, P and @ are defined as loadings, T" is an orthogonal matrix defined as scores and F
and F are residuals. If X € R™ and Y € R™™, then the loading P € R, the loading
Q@ € R™ and the score T' € R™¢. In Equations 2.6 and 2.7, T'(n X a) is known as the scores
matrix and its elements are denoted by t,(a = 1,2,..., A). The scores can be considered as

a small set of underlying or latent variables responsible for the systematic variations in X.
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The matrices P(N x a) and Q(M x a) are called loadings (or coefficients) matrices and they
describe how the variables in T relate to the original data matrices X and Y. Finally, the
matrices E(n x N) and F(n x M) are called residuals matrices and they represent the noise

or irrelevant variability in X and Y, respectively.

It can be noted in Equations 2.6 and 2.7 that the X-scores (") are predictors of ¥ and also
model X, i.e., both Y and X are assumed to be, at least partly, modeled by the same latent
variables. The scores are orthogonal and are estimated as linear combinations of the original
variables xj, with the coefficients, called weights, xg,(a = 1,2,..., A). Thus, the scores matrix
T is expressed by:

T=X-W (2.8)

Once the scores matrix T' is obtained, the loadings matrices P and @) are estimated through
the regression of X and Y onto T. Next, the residual matrices are found by subtracting
the estimated versions of T'Pr and T'Qr from X and Y, respectively. Finally, the regression

coeflicients for the model are obtained using Equation 2.8:
B=w. Q7 (2.9)
which yields the regression model:

Y=XB+F=XWQT+F (2.10)

The decomposition of the predictor X matrix is carried out using the nonlinear iterative partial
least square (NIPALS) algorithm.

The application of PLRS to the square pulsed thermography (SPT) data is achieved by decom-
posing the raw thermal data into multiple PLS components, each component being orthogonal
to each other. Since each of the PLS components is characterized by its variance, it is pos-
sible to identify via the PLS components different phenomena affecting the overall thermal
regime. The thermal images obtained during the SPT inspection are typically arranged into
a 3D matrix, whose x and y axes are represented, respectively, by ¢ and j pixels, while the z
axis corresponds to the k frame number. N, and IV, correspond to the total number of pixels

along the x and y directions, while Ny is the total number of frames (Fig. 2.1).

In order to perform the decomposition of the thermal data sequence into PLS components, it
is firstly necessary to transform the 3D thermal data into a 2D raster-like matrix, as shown in
Fig. 2.1. This process is known as unfolding. The unfolded X matrix (corresponding to the
thermal sequence) has dimensions N7 x N, - Ny and physically represents NT observations
(or samples) of N, - N, variables (or measurements). On the other hand, the dimension of the
predicted matrix Y — defined by the observation time during which the thermal images were

captured — is N7 x 1. More information regarding the PLST technique can be found in [55].

11
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Figure 2.1: Schematic representation of the transformation of the 3D thermal data into a 2D
raster-like matrix.

2.3 Principal Component Thermography (PCT)

Principal Component Analysis (PCA) used to process thermographic sequences to extract
features and reduce redundancy by projecting the thermal response data onto a system of

orthogonal components is known as PCT [56].

The PCA is a linear projection technique for converting a matrix A to a matrix of the lower
dimension by projecting A onto a new set of principal axis. One simple approach to the PCA
is to use Singular Value Decomposition (SVD). In general, a matrix A of the dimension M x N
(M > N) can be decomposed as [57]:

A=URVT (2.11)

where U is the eigenvector matrix of the dimension M x N, R is an N x N diagonal matrix with
positive or zero elements representing the singular values of matrix A, VT is the transpose of

an N x N matrix.

For PCT, in order to apply the SVD to thermographic data, the 3D thermogram matrix
representing time and spatial variations has to be reorganized as a 2D M x N matrix A
[58; 2|. This can be done by rearranging the thermograms for every time as columns in A,
as illustrated in Fig. 2.2a [2]. Under this configuration, the columns of U represent a set of
orthogonal statistical modes known as Empirical Orthogonal Functions (EOFs) that describe
the data spatial variations. On the other hand, the Principal Components (PCs), which
represent time variations, are arranged row-wise in matrix V1. The resulting U matrix that

provide spatial information can be rearranged as a 3D sequence as illustrated in Fig. 2.2b [2].
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Figure 2.2: (a) Thermographic data rearrangement from a 3D sequence to a 2D A matrix in
order to apply SVD, (b) rearrangement of 2D U matrix into a 3D matrix containing the EOFs

12].

Compared with FT that relying on prescribed basis functions (a set of sinusoidal basis func-
tions), PCT method is an eigenvector based transform [57]. It is possible to achieve a compact
representation for a complex signal by applying PCT. The first EOF will represent the most
characteristic variability of the data; the second EOF will contain the second most important
variability, and so on. Usually, 1000 thermogram sequence can be adequately represented with
only 10 or less EOFs [58]. Beyond reducing redundancy, PCT is also proposed as a contrast

enhancement approach [59].



2.4 Basic Thermographic Signal Reconstruction (B-TSR)

Thermographic Signal Reconstruction (TSR) [3] is widely used in commercial pulsed thermog-
raphy systems. In TSR, a polynomial function is fit to each pixel time history to minimize
temporal noise. Images created from the instantaneous logarithmic time derivatives of the fit
function are typically viewed and analyzed, since the derivative images are much more sen-
sitive to subsurface features than the original data sequence from the IR camera. Individual
pixel time history derivatives can be evaluated quantitatively for automated evaluation or
measurement of depth or thermal diffusivity. Once the polynomials have been calculated for
each pixel, the coefficients may be archived instead of the original data sequence, resulting in

significant degree of data compression.

It is important, though, to set the duration of pulse heating so as to accommodate the proper-
ties of the sample. In particular, TSR is sensitive to transient events during cooling. Therefore,
a long heating period and late acquisition may diminish the positive effects of TSR. Fig. 2.3
shows a typical use of TSR on a 8 plies CFRP specimen.
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Figure 2.3: Typical use of TSR (model: 8 plies CFRP (0.0125” / ply)) [3]

The implementation of TSR that is used in industrial systems is based on patented and

proprietary technology that has optimized specifically for performance with other components
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in the system. In this study, we have used the basic form of TSR that has been reported in the
literature, which we refer to as “B-TSR”. Our polynomial calculation is based on a standard
Matlab polynomial fit. Results presented here using B-TSR do not necessarily represent the

performance of commercial TSR systems.

2.5 Cold Image Subtraction (CIS)

Cold image subtraction (CIS) is intended to reduce the effects of fixed artifacts in a ther-
mographic sequence. For example, reflections from the environment such as residual heating
coming from the lamps and even the reflection from the camera that appears during the acqui-
sition. Since these artifacts are more or less constant during the whole acquisition, including
before heating when the image is cold, this image or the average of several images can be
subtracted before heating, so their effect can be reduced [60]. Figure 2.4 shows an example

with an academic aluminum plate.

In Fig. 2.4, the cold image is affected by noise due to a non-uniform correction (NUC) which
was badly performed. This happens when an old NUC is used. The noise can be seen in
the raw sequence as well (the 2nd image in Fig. 2.4) although it is less evident since the

temperature is higher.

‘Cold’ Raw Coldimage Local media
image thermoiram subtraction
D,=34 6.8 2.4 v ¢ d -y ™ . %
4.6 9.2 115
7.2 T4.4 180
ALUOO3 | e

t=0 t=95ms

Figure 2.4: An example with an academic aluminum plate to explain cold image subtraction.

Cold image subtraction can be considered as a pre-processing step to improve the quality of the
sequence and then one can use more advanced algorithms such as phase pulse thermography,

principal component thermography, etc.
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Chapter 3

Image Diagnosis for Industrial Carbon

Fiber Dry Preform

3.1 Introduction

IRT, as an optical image diagnostic technique, has been used for composite materials [61; 62].
However, IRT use for monitoring of dry preform during industrial manufacturing is poorly

documented in the open literature.

CFRP, are preferred for aircraft component construction due to their excellent mechanical
properties, e.g. high strength/stiffness and low densities [63; 64]. However, manufacturing
costs remain an obstacle to wider use. Nowadays, CFRP are often manufactured using out-of-
autoclave liquid molding (LM) processes, which provide flexibility and reduce cost. However,
laying down thin reinforcement fabrics during the stacking process results in low reproducibil-
ity. The use of advanced preforms, which are manufactured as assembled units, may alleviate
this issue. Therefore, NDT is considered as a means of identifying defects in dry preforms
during or after lay-down [14; 13]. NDT conducted on dry preforms prior to resin infusion can
greatly improve reproducibility and reduce rejection rates. Among NDT techniques, IRT is

increasingly and particularly attractive [65; 66].

In this work, pulsed and lock-in thermography were used to evaluate six carbon fiber dry
preforms. Two of them are two-layered twill weave fabrics (thickness: ~0.5 mm), one is a
four-layered plain weave fabric (thickness: ~1 mm), and the other three are stitched fabrics
with two layers (thickness: ~0.5 mm) and four layers (thickness: ~1 mm). Flashes and halogen
lamp set-ups were used, respectively. Quantitative analysis, which is important for NDT tech-
niques, was conducted by phase transform. In addition, advanced image processing techniques
including phase transform, CIS, B-TSR, PCT and PLST were used to process the thermo-
graphic data for comparative purposes. In particular, PLST, one of the newest advanced

post-processing techniques, was extensively applied. Finally, comprehensive comparisons were
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conducted for: 1) providing the thermographic characteristics of different preforms; 2) sum-
marizing the capability of image diagnosis/processing techniques; and 3) offering the most

feasible monitoring modality for industrial manufacturing.

3.2 Carbon Fiber Dry Preforms

The specimens were made from 3 Texonic carbon fiber fabrics: a 215 g/m? 2x2 balanced twill
weave (TW), a 197 g/m? balanced plain weave (PW), and a 285 g/m? unidirectional stitched
fabric (US). The fabrics were made from Toho Tenax HT'S40 fibers. The TW and PW fabrics
used 3K yarns while the US fabric used 12K yarns. For each fabric, a 100 mm x 100 mm
specimen composed of 2 or 4 layers was prepared. Layers were assembled into preforms using
Airtec2 spray adhesive, and each specimen was compacted under 4.6 KPa for 300 seconds.
For the TW and PW specimens where the yarns extend along 2 orientations in each ply:

0/90° or +£45° shown in Fig. 3.1, the defects were fabricated by removing yarns. For the

Figure 3.1: Photographs of TW and PW specimens: (a) TW-01: front side, (b) TW-02: front
side, (¢) PW-01: front side, (d) TW-01: rear side, (¢) TW-02: rear side, (f) PW-01: rear side.

US specimens shown in Fig. 3.2, two types of defects were realized parallel or perpendicular

17



to the orientation of yarns by cutting stitches to enable the removal of yarns, or by cutting
yarns. The width/orientation of layers and defects are shown in Table 3.1. Measured sample
thicknesses were ~1 mm for PW-01/US-03, and ~0.5 mm for the other TW/US specimens.
The defects selected in this work are typical in manufacturing, and the corresponded NDT is

poorly documented in the open literature.

Defect

(d) () (f)

Figure 3.2: Photographs of US specimens: (a) US-01: front side, (b) US-02: front side, (c)
US-03: front side, (d) US-01: rear side, (e) US-02: rear side, (f) US-03: rear side.

Table 3.1: Orientation/width of layers and defects.

TW-01 TW-02 PW-01 US-01 | US-02 US-03
Orientation of layer 0/90, 0/90 | £45, 245 | +45, £45, £45,0/90 | 0/90 | 90/90 | 90/90/90/90
Width & 1/2 yarn 0 —
. . 1 yarn — Vs «~— 7 — 0 —

orientation of

2 yarn — Ve «~— 7 0 —
defect

3 yarn — N «~— 7

<—: defect along horizontal (0°); {: defect along vertical (90°); : defect along right-leaning diagonal (+45°).
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Figure 3.3: Optical excitation thermography set-ups: (a) schematic set-up for PT using flashes,
(b) schematic set-up for PT and LT using lamps, (c) experimental set-up for PT using flashes,
(d) experimental set-up for PT and LT using lamps.

3.3 Experimental Configurations

Fig. 3.3a and 3.3c show the schematic and experimental set-up for PT using photographic
flashes, and two Balcar FX 60 (6.4 KJ each, 5 ms duration) photographic flashes were used
in this set-up. Figs. 3.3b and 3.3d show the schematic and experimental set-up for PT and
LT using halogen lamps, and two OMNLUX PAR64 (1000 W, 5 s duration) halogen lamps
were used correspondingly. A mid-wave IR camera (FLIR Phoenix, InSb, 3 -5 um, 640 x 512
pixels) was used to record the temperature profile. Three modalities were used: a) flashes
set-up with 300 frames cooling time and 88 fps; b) flashes set-up with 10 s cooling time and
55 fps; and c¢) halogen lamps set-up with 15 s cooling time and 55 fps. In this work, RMF
and CIS were performed prior to phase transform, B-TSR, PCT and PLST in PT; RMF was

performed prior to Fourier transform and PCT in LT.

19



3.4 Experimental Measurement for Thermal Diffusivity

According to Eq. 2.4, the thermal diffusivity « is a parameter of particular interest for
calculating the depth by phase transform. « can be obtained by either theoretical calculation

or experimental measurement.
In the theoretical calculation method, o can be expressed as follows according to Eq. 1.1:
a=— (3.1)
PCp
where, c,[J/KgK] is the specific heat at constant pressure, p[Kg/m?] is the density, and
E[W/mK] is the thermal conductivity.

For composite materials, & can be calculated by [67; 68; 69]:

N

Ocomposite = Z(Wf : amaterial)N (32)
1

where, N is the number of constituent materials in the composite, and W; is the weight

fraction material.

Eq. 3.2 is linked to the fact that the o parameter is composed of physical quantities, but not
composed of pseudo-physical quantities, as happens for the C}, parameter. Therefore, taking
into account the Buckingham theorem, it is possible to sum each layer for its volume fraction

and mass fraction, respectively. This enables the obtaining of the final o and volume.

For carbon fiber dry preforms, the properties of both carbon fiber and air properties should
both be considered. However, the weight fraction of air is difficult to quantify because of
uncertainty over sample thickness. Therefore, an experimental measurement for « is more

reasonable in this case.

In the experimental measurement method, the thermal diffusivity can be determined by ex-
posing a sample of the material to a high-intensity, short duration heat pulse in the front
face while recording the temperature evolution from the rear face. This approach was origi-
nally proposed by Parker [70], based on determination of the time of maximum surface. The
diffusivity can be obtained using the known specimen thickness L:
2
a= 0‘1?;91' L (3.3)
2

where ¢ 1 is the time when the temperature reaches half the maximum value.

This technique was later refined using different time parameters. The resulting technique is
called the partial times method, in which the following equations were introduced to estimate
the diffusivity [71]:

1.2 t1 t1
o= —"[0.818 — 1.708 - (=) + 0.885 - (-2)?] (3.4)

5 ts ts

6 6 6
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where, a[m?/s] is the thermal diffusivity, which corresponds to the mean value of the three re-
sults; L is the specimen thickness; t1, t1 and ¢5 correspond to the times when the temperature
2 3 6

is equal to 1/2, 1/3, and 5/6 of the maximum value, respectively.

Estimations from any of these equations provide similar results. Fig. 3.4a shows the experi-

Diffusivity by partial times
T
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Figure 3.4: (a) Experimental measurement set-up, (b) an example for the « calculation.

mental measurement modality using the flashes set-up, and Fig. 3.4b shows an example for
the calculation of the mean value . The same IR camera and flashes were used to record

the temperature profile. Table 3.2 shows the thermal diffusivity « obtained by theoretical

Table 3.2: Thermal diffusivity by theoretical calculation and experimental measurement.

Specimen | Theoretical calculation | Experimental measurement
Thermal diffusivity o [1077m?/s] TV\{J/SPW 122 N(l)g

calculation without considering air, and experimental measurements, respectively. In the the-
oretical calculation, the following carbon fiber properties were used: ¢, = 1296 J/KgK, p =
1790 Kg/m3, k =0.43 W/mK [72]. In the measurements, the TW and PW specimens showed
similar thermal diffusivity, and the US specimens showed a similar value among themselves,
but different values to TW and PW specimens. Therefore, mean value calculation were per-
formed for the TW/PW and US specimens, respectively. This discrepancy may result from
differences in air and carbon fiber value fraction difference, which is difficult to express in

theoretical calculations in the case of dry preforms.
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The measurement method cannot function properly when the specimen is thick, as heat cannot
transfer throughout the specimen. In addition, the measurement is an approximate calculation,
in which the specimen thickness plays an important role according to Eqgs. 3.4 - 3.6. However,
the measurement method is more appropriate than the theoretical calculation in this case due
to the lack of information on the air volume fraction. Table 3.3 shows the calculated detection
depth z according to the measured thermal diffusivity o and the modulated frequency f3 used

in this work.

Table 3.3: Relationship between modulated frequency f; and detection depth z.

Modulated frequency fy[Hz] | 2,9 | 1.1 | 0.65 | 0.35 | 0.2 | 0.08 | 0.065
TW/PW | 025] 04| 05 | / 09| / | 1.65
UsS 0.15 | / 03 | 04 |05 08 0.9

Depth z[mm)|

3.5 Experimental Results and Analysis

Fig. 3.5 shows the phase transform results for the TW and PW specimens. The flashes set-up
and 88 fps was used with a cooling time of 300 frames. Images from depths of 0.25 mm (2.9
Hz), 0.4 mm (1.1 Hz) and 0.5 mm (0.65 Hz) were obtained. Defects in the two-layered TW
specimens were detected at a depth of 0.4 mm as shown in Figs. 3.5b and 3.5e, and they can
be seen more clearly at a depth of 0.5 mm (Figs. 3.5¢ and 3.5f). No defects were detected at
a depth of 0.24 mm (Figs. 3.5a and 3.5d) since there were no defects located at this depth.
Defects were detected with increasingly clear features along with depth. Defects in the four-
layered specimen PW-01 (Figs. 3.5g, 3.5h and 3.5i) were not detected as they are located

deeper than 0.5 mm.

Fig. 3.6 shows B-TSR and PCT results for TW and PW specimens using the flashes set-up
and 88 fps. In B-TSR, the 1st derivative results are clearer. For the four-layered PW specimen,
defects were detected by B-TSR and PCT, as shown in Fig. 3.6g and 3.6i. PCT showed clearer
results than phase transform, but the lack of quantitative analysis is a significant disadvantage.
PLST can also provide additional results along with depth, as shown in Fig. 3.7. In PLST,
1st loading results are nearer to the surface than 2nd loading results, which are shallower than
3rd loading results. Similar to phase transform, defects were also detected with increasingly
clear features along with depth. Again, defects in the four-layered specimen PW-01 were not
detected. Although phase transform shows clearer results, PLST needs less processing time.
However, PLST can only provide qualitative depth information, which is also a disadvantage

compared with phase transform.

Fig. 3.8 shows phase transform results for US specimens obtained by the same modality as
used for results shown in Fig. 3.5. Images at depths of 0.15 mm (2.9 Hz), 0.3 mm (0.65 Hz) and
0.4 mm (0.35 Hz) were obtained. The defects in the two-layered US specimens were detected
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Figure 3.5: Phase transform results of TW/PW specimens using the flashes set-up and 88 fps:
(a) TW-01: 0.25 mm, (b) TW-01: 0.4 mm, (c) TW-01: 0.5 mm, (d) TW-02: 0.25 mm, (e)
TW-02: 0.4 mm, (f) TW-02: 0.5 mm, (g) PW-01: 0.25 mm, (h) PW-01: 0.4 mm, (i) PW-01:
0.5 mm.

in Figs. 3.8a - 3.8f, and they are increasingly clear as the depth increases. This observation
concurs with the theoretical prediction because defects in the two-layered US specimens were
fabricated from the middle depth approximately. Defects in the four-layered specimen US-03
(Figs. 3.8g, 3.8h and 3.8i) were not detected because they are located much deeper than 0.4
mm. Compared with TW/PW resutls, defects in US specimens can be detected at shallower
depths due to the simpler structures of the preforms. However, detection at deeper depths is

more difficult than with TW and PW specimens due to the lower thermal diffusivity value.

Figs. 3.9 and 3.10 show B-TSR, PLST and PCT results for US specimens obtained using the
flashes set-up and 88 fps. Defects in the four-layered specimen US-03 were not detected due to
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Figure 3.6: B-TSR and PCT results of TW/PW specimens using the flashes set-up and 88 fps:
(a) TW-01: B-TSR (1st), (b) TW-01: B-TSR (2nd), (¢) TW-01: PCT (EOF03), (d) TW-02:
B-TSR (1st), (e) TW-02: B-TSR (2nd), (f) TW-02: PCT (EOF03), (g) PW-01: B-TSR (1st),
(h) PW-01: B-TSR (2nd), (i) PW-01: PCT (EOF01).

the lower thermal diffusivity value. Similarly, PLST results are not as clear as those obtained
with the other techniques. However, PLST requires less processing time and it can provide

qualitative depth information.

Fig. 3.11 shows thermographic results for PW-01 and US-03 obtained with the flashes/halogen
lamps set-ups and 55 fps. The cooling times were 10 and 15 s for the flashes/halogen lamps
set-ups, respectively. For PW-01, the depths of 0.9 mm (0.2 Hz) and 1.65 mm (0.065 Hz) were
investigated using the flashes/halogen lamps set-ups, respectively. For US-03, the depths of
0.5 mm (0.2 Hz) and 0.9 mm (0.065 Hz) were investigated correspondingly. Defects in PW-01
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Figure 3.7: PLST results of TW/PW specimens using the flashes set-up and 88 fps: (a) TW-
01: 1st loading, (b) TW-01: 2nd loading, (c) TW-01: 3rd loading, (d) TW-02: 1st loading,
(e) TW-02: 2nd loading, (f) TW-02: 3rd loading, (g) PW-01: 1st loading, (h) PW-01: 2nd
loading, (i) PW-01: 3rd loading.

were detected more clearly at a depth of 0.9 mm as shown in Fig. 3.11a, and they disappeared
at a depth of 1.65 mm (Fig. 3.11b) because this is beyond the depths which can be successfully
investigated in this specimen. Defects in US-03 were not detected at a depth of 0.5 mm (Fig.
3.11e), and a defect was detected at a depth of 0.9 mm (Fig. 3.11f), which coincides with the
theoretical estimation. B-TSR and PCT show clearer results for both specimens. Detection
in sample US-03 is more difficult than it is in the same-thickness PW-01, which may be due
to its higher density as discussed in section 3.2. A possible solution is to increase the heat
power by LT, which was also done in order to obtain additional information. The phase-based
result at a depth of 0.8 mm (0.08 Hz and 3 periods) is shown in Fig. 3.12a, and the PCT

result is shown in Fig. 3.12b. Indeed, phase-based LT shows clearer results and additional
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Figure 3.8: Phase transform results of US specimens using the flashes set-up and 88 fps: (a)
US-01: 0.15 mm, (b) US-01: 0.3 mm, (c¢) US-01: 0.4 mm, (d) US-02: 0.15 mm, (e) US-02:
mm, (f) US-02: 0.4 mm, (g) US-03: 0.15 mm, (h) US-03: 0.3 mm, (i) US-03: 0.4 mm.

<
w

information compared with phase-based PT. However, the fabric was twisted (Fig. 3.12c and
3.12d) after 3 periods of heating because the thermoplastic stitch cannot sustain the higher
thermal energy, which shows a great difference from composites. Therefore, PT is the more
feasible solution for carbon fiber dry preforms inspection according to the previous analysis in

this work.

3.6 Summary

Image diagnosis and characterization for carbon fiber dry preform was conducted and analyzed
by optical excitation thermography in this chapter, which demonstrates feasible fast IRT-

NDT modality for dry preforms inspection prior to resin infusion and manufacturing. The
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Figure 3.9: B-TSR and PCT results of US specimens using the flashes set-up and 88 fps: (a)
US-01: B-TSR (1st), (b) US-01: B-TSR (2nd), (c¢) US-01: PCT (EOFO01), (d) US-02: B-TSR
(Ist), (e) US-02: B-TSR (2nd), (f) US-02: PCT (EOF01), (g) US-03: B-TSR (1st), (h) US-03:
B-TSR (2nd), (i) US-03: PCT (EOFO01).

air and carbon fiber weight fraction difference leads to a discrepancy in thermal diffusivity,
which is difficult to bring to light using theoretical calculation. Therefore, an experimental
measurement of the thermal diffusivity prior to inspection is needed in the case of dry preforms.
For higher density specimens, deeper detection is more difficult and requires more energy than
for lower density specimens due to greatly different thermal diffusivities of the constituent

materials.

Table. 3.4 shows the performance of different thermographic techniques for dry carbon fiber
preform inspection (the comparison is based on the specimens used in this work). Overall,
IRT can provide clear results by phase transform, B-TSR, PCT and PLST. Among these
techniques, B-TSR and PCT show the clearest results. The lack of quantitative analysis is a
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Figure 3.10: PLST results of US specimens using the flashes set-up and 88 fps: (a) US-01: 1st
loading, (b) US-01: 3rd loading, (c) US-01: 5th loading, (d) US-02: 1st loading, (e) US-02:
3rd loading, (f) US-02: 5th loading, (g) US-03: 1st loading, (h) US-03: 3rd loading, (i) US-03:
5thUS loading.

Table 3.4: Performance of thermographic methods.

Defect identification ability B-TSR =~ PCT > phase transform ~ PLST
Technical simplicity (less processing time) B-TSR =~ PCT = PLST > phase transform
Quantitative analysis Shallow-defect PT (phase)’ ~ B-TSR
Y Deep-defect PT (phase)? ~ B-TSR =~ LT (phase)
o . . Shallow-defect PT (phase)’ ~ B-TSR ~ PLST
Qualitative depth information Deep-defect PT (phase)? ~ B-TSR ~ PLST ~ LT (phase)

PT (phase)': flashes modality; PT (phase)®: halogen lamps modality;

disadvantage of PCT [73|. Phase transform can provide quantitative analysis and additional
information, which is often important for a NDT technique. PLST can also show additional
results as the depth increases, but not as clearly as phase transform. PLST can only provide

qualitative depth information, but it needs less processing time than phase transform. The
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Figure 3.11: Thermographic results of PW-01 and US-03 using the flash /halogen lamps set-
ups and 55 fps: (a) PW-03: 0.9 mm, (b) PW-01: 1.65 mm, (c) PW-01: B-TSR (1Ist), (d)
PW-01: PCT (EOF03), (e) US-03: 0.5 mm, (f) US-03: 0.9 mm, (g) US-03: B-TSR (1st), (h)
US-03: PCT (EOF03).

()

Figure 3.12: (a) US-03: Phase-based LT (0.8 mm), (b) US-03: PCT (EOF04), (c) US-03:
twisted front photo, (d) US-03: twisted rear photo.

flashes modality can detect shallow-defects because it can reach higher frequency. On the

contrary, the halogen lamps modality is better for deep-defects detection.

Differently from composites, dry preforms featuring thermoplastic stitches cannot sustain high
energy heating so that LT is inappropriate in such a case. Although this may limit the maxi-
mum detection depth, IRT is a more feasible technique for dry preforms inspection compared
with CT, which are much more expensive and time-consuming [60; 74|. Of interest, B-TSR
and PCT are more appropriate for fast detection. Therefore, the development of an automatic
system for identifying defects in dry preforms based on infrared computer vision could be built

for industrial applications [75; 76].
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Chapter 4

Image Diagnosis and Characterization

for Natural Fiber Composites

4.1 Introduction

Natural fibers, including vegetable and mineral fibers, are increasingly used for composites
due to their low environmental impact. Among mineral materials, basalt is attracting increas-
ing attention thanks to its advantages in terms of mechanical properties, sound insulation
properties, low water absorption, good resistance to chemical attack, high operating temper-
ature range, low environmental impact and lack of carcinogens and health hazards. Basalt,
which is usually found in volcanic rocks originating from frozen lava with a melting temper-
ature between 1500°C and 1700°C, was mainly used as reinforcement of both thermoset and
thermoplastic polymers in the last decade. The investigations of vegetable fibers in the open
literature show acceptable mechanical properties and low cost, but moisture sensitivity and
low adhesion to hydrophobic polymer matrices [77]. Among them, jute, hemp and bagasse

fibers are attracting increasing attention.

Low-velocity impact is usually considered as a major threat to fiber reinforced polymer com-
posites. Such foreign object loading may occur during the process of manufacturing, assembly,
maintenance, and operation. The impact damage can greatly affect the residual mechanical
properties of composites even if the damage is barely visible (e.g., delamination and back-face
splitting can reduce the residual strength by as much as 60%) |77]. The post-impact damage
is becoming increasingly important for the behavior of natural fiber composites, as they are

usually reported to exhibit a limited resistance to impact loading.

In this work, optical and mechanical excitation thermography is used to evaluate impacted
basalt fiber reinforced polymer laminates (BFRP), jute-hemp fiber hybrid laminates (JHFP),
and homogeneous particleboards of sugarcane bagasse (SCB). Of particular interest, SCB is a

type of more recent vegetable fiber composite whose NDT is new in the field. Phase transform
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was performed for quantitative analysis in optical excitation thermography, in which the time
domain to frequency domain transform was carried out to obtain depth information. Phase-
based thermography for natural fiber composites is poorly documented in the open literature.
Advanced image processing techniques, including CIS and PCT, were also used to process the
data. In addition, UT and CW THz imaging were used on the mineral fiber laminates. Finally,
a comprehensive comparison of different techniques for natural fibers composites detection was

conducted.

4.2 Natural Fiber Composites

4.2.1 Basalt Fiber Reinforced Polymer Laminates (BFRP)

The laminates were manufactured by resin transfer molding with a fiber volume fraction of
0.38 £ 0.02 and a thickness of 3 £ 0.1 mm. The plain weave basalt fabric (BAS 220.1270.P)
with a surface weight of 220 g/m? and a vinylester resin (DION 9102) were used for the
matrix. A hemispherical impactor with a 12.7 mm diameter tip was used and the samples
were clamped to a square frame with a 73 mm square window [77]|. Three impact energies
(equal to 7.5, 15 and 22.5 J shown in Fig. 4.1) were used in this study.

Figure 4.1: BFRP specimens (rear side): (a) 7.5 J, (b) 15 J, (c¢) 22.5 J.

4.2.2 Jute-Hemp Fiber Hybrid Laminates (JHFP)

The laminates were manufactured using hemp fibers decorticated and bleached using sodium
chlorite in optimized conditions and jute hessian cloth (plain weave) of areal weight 250 g/m?
(impregnated with I-SX10 LEGNO epoxy resin and SX10 LEGNO 33%). The layup of the
laminates includes six inner layers of jute plain weave placed at 0°/0°/45°/-45°/0°/0°, sand-
wiched between two nonwoven hemp mats. The composites include 30 (£2) wt.% of jute
fiber and 20 (£1.5) wt.% of hemp fiber. The laminates were produced using a hand lay-up
procedure in a closed matching mold of dimensions 220 x 250 x 3.7 (£0.2) mm? by applying
a slight pressure of ca. 0.02 MPa. The dimensions of the samples are 140 x 220 x 2.8 (40.1)
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mm. A hemispherical nose of 12.7 mm diameter was used to impact three laminates (Fig. 4.2)

[78).

(a) (b) (c)

Figure 4.2: Jute/hemp fiber hybrid laminates (rear side): (a) plate No. 1, (b) plate No. 2, (c)
plate No. 3.

4.2.3 Homogeneous Particleboards of Sugarcane Bagasse (SCB)

The high-density homogeneous particleboards of SCB and polyurethane resin based on castor
oil followed the methodology defined in [79], assuming a nominal density of 800 kg/m? and
dimensions of 0.55 x 0.55 x 0.016 m. Initially, the SCB was oven dried at a temperature of
60°C for 24 hours to reduce the moisture content to around 12%. After drying, it was sieved
in a sieve shaker. The bagasse particles retained in the sieve mesh with openings greater
than 2 mm were milled in a knife mill to produce particles of size up to 8 mm. The particles
with a size of less than 2 mm were removed from the manufacturing process because they
are not suitable for the step of dispersing the resin. Subsequently, the particles of SCB were
introduced in a planetary mixer and the adhesive polyurethane resin based on castor oil was
added, in a proportion of 15% by weight of the dry mass of bagasse, for better uniformity
in the distribution of the adhesive in particles. After this mixing period, the particles were
introduced into a mattress forming mold, with dimensions of 0.55 x 0.55 m and pressed with
a pressure of 5 MPa at a temperature of 100 °C, for a period of 10 min. At the end of the

pressing process, the complete curing process of the resin required a period of 72 hours [80].

(a) (b)
Figure 4.3: SCB specimens (front side): (a) 5 J, (b) 10 J, (c) 20 J, (d) 30 J.
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Low velocity impact tests at four different energy levels, namely 5, 10, 20 and 30J (Fig. 4.3)
were carried out using an instrumented drop-weight impact testing machine (CEAST /Instron
9340). During all impact tests, a steel mass was attached to the steel impactor with a hemi-
spherical cup of 20 mm diameter for a total weight of 3 kg. The different energy levels were
obtained by changing the height of release of the impactor. The specimens were clamped
circumferentially along a diameter of 40 mm in a pneumatic-actuated clamping fixture. Dur-
ing the test, the time histories of impact force and the initial impact velocity were recorded.
Post-impact, the permanent dent depth of each coupon was measured using a non-contact
profilometer (Taylor-Hobson Talyscan 150) with a scanning speed of 10500 pm/s. The dent
depth as a function of impact energy is shown in Table 4.1 [80].

Table 4.1: Dent depth as a function of impact energy.

Impact energy [J] | 5 10 20 30
Dent depth [pm] | 592 | 1128 | 1469 | 1545
4.3 Experimental Configurations
4.3.1 Optical Excitation Thermography
halogen flashes
thermal ’ﬂ”@ @—
'g:&al' (sirmi\:;‘iaaau ot mr'ﬂl'
f “ f (2—1?“!5] control
NN contral ) tnsient — unt
i C > > e

specimen ‘ specimen

Figure 4.4: Optical excitation thermography set-ups: (a) schematic set-up for LT [4], (b)
schematic set-up for PT (flashes) [4], (c) experimental set-up for LT /PT (halogen lamps), (d)
experimental set-up for PT (flashes).
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Figs.

4.4a and 4.4c show the schematic and experimental set-up for LT. Two ’'OMNLUX
PARG4’ (1000 W) halogen lamps were used to generate lock-in sinusoidal signals. A mid-wave

IR camera 'FLIR Phoenix’ (Table 4.2) was used to record the temperature profile.

Table 4.2: Flir Phoenix (MWIR) technical specifications [1].

Technical specification

Explanation/value

Detector type
Cold filte bandpass

Indium Antimonide (InSb)
3.0 - 5.0 pm standard

Pixel resolution
Spec performance

640 (H) x 512 (V) pixels
< 25 milliKelvin

Fig. 4.4b shows the schematic set-up for photographic flash modality. For high-energy lamp
modality, the pulse excitation signal is the only difference shown in Fig. 4.4a. Figs. 4.4c and
4.4d show the experimental set-ups. Two 'OMNLUX PAR64’ (1000 W, 5 s duration) halogen
lamps/Balcar FX 60 (6.4 KJ each, 5 ms duration) producing photographic flashes were used.
The same mid-wave IR camera with the frame rate of ~55 fps was used. The cooling time is

15 s/20 s for flashes/halogen lamps modality, respectively.

4.3.2 VT
conirol
control
_ unit unit PC E
ultrasonic ultrasonic ﬁ
transducer transducer N

(15-50 kHz) (15-50 kHz)

coupling
material

coupling
material

internal
defact

o |

Figure 4.5: VT set-up, (a) schematic set-up using lock-in signals [4], schematic set-up using
pulse signals [4], (c) experimental set-up.
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Fig. 4.5 shows the VT set-up. The same IR camera with the frame rate of ~55 fps was used.
The transducer was pressed (200 Pa) against the specimen and two periods of 0.2 Hz (10 s)

lock-in ultrasonic waves were delivered.

4.3.3 UT

In this work, UT experiments were conducted in reflection mode; water was used as the wedge
and the back wall signals were used for imaging. The UT experimental set-up in Fig. 4.6
consists of a 'Olympus OmniScan MX’, a probe 'Olympus PANAMETRICS-NDT A310S 5
MHz/0.25" /, a robotic x-y glider scanner 'TAI Robo Cylinder RCP2’ for raster scanning, and
a water tank. The distance between the probe and the specimen is ~10 mm, and the system

resolution is 0.2 mm.

- —— -

NS = o e T e

ol

Figure 4.6: UT experimental set-up.

4.3.4 CW THz

THz sensor

THz source

.

*

.. NN R ST
THz radiation .~/ /
AN AW
Y

Sample

(b)

Figure 4.7: CW sub-THz imaging system in reflection mode: (a) experimental set-up, (b)
schematic set-up.

The CW THz system (Fig. 4.7) uses IMPAct ionization Transit Time (IMPATT) diodes to
exploit ~0.1 THz CW imaging, and the system resolution is ~3 mm. It consists of a detector
'TeraSense Linear-1024’, a CW emitter 'TeraSense TS 1603’, and a robot ‘Funac LR Mate
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200iD 7L/ to perform a line scanning. The detector has a spectral range of 40 GHz - 0.7 THz
and a frame rate of ~8.2 fps. The pixel size of the detector is 1.5 mm x 1.5 mm, and the
number of pixels is 1024 (256 x 4). The emitter has an optimized frequency of ~0.1 THz and
1 ps rise/fall time (TTL Modulation). The detector records 256 x 4 pixels (384 mm X 6 mm)

into one frame. The distance from the specimen to the CW emitter/detector was ~10 cm.

4.4 Experimental Results and Analysis

According to Eq. 2.4, the thermal diffusivity « is a parameter of particular importance for

calculating the depth by phase transform. « can be expressed as follows according to Eq. 1.1:

a=— (4.1)

where ¢,[J/KgK] is the specific heat at constant pressure, p[Kg/m?3] is the density, and
kE[W/mK] is the thermal conductivity.

For composite materials, a can be calculated by:

N

Qlcomposite = Z(weightfractionmaterial - Qmaterial )N (4.2)
1

where N is the number of constituent materials in the composites.
In this work, the thermal diffusivity o was obtained by calculating c,, p and k in Table 4.3.

Table 4.3: Physical properties of materials.

Basalt fiber (63%) Vinyl ester resin (37%) | BFRP

k [W/mK] 0.031 0.229 0.104

p [Kg/m?] 2630 1220 2108.3

C, [J/KgK| 860 1000 1083.8

Jute (30%) / hemp (20%) fibers | Epoxy resin I-SX10 (50%) | JHFP

k [W/mEK] 0.365 / 0.04 0.229 0.232
p [Kg/m?] 1460 / 25 1100 993
C, [J/KgK| 1360 / 1800 1000 1268
Bagasse fiber (60%) Polyurethane resin (40%) | SCB

K [W/mK] 0.475 0.209 0.369
p [Kg/m?] 520 1200 792

C, [J/KgK] 3601.8 1400 2720.6

Fig. 4.8 shows the PT results of BFRP. Phase transform was performed by Eqs. 2.1 and 2.3 as
discussed previously, and then the depth information was obtained by Eqgs. 2.4 and 4.1 using
the physical properties in Table 4.3. The images from the depths of 0.28 mm (0.6 Hz), 0.85
mm (0.065 Hz) and 1 mm (0.048 Hz) were obtained in flashes and halogen lamps modalities,

respectively.
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8) (k) M
Figure 4.8: PT results of BFRP: (a) 7.5 J: 0.28 mm, (b) 15 J: 0.28 mm, (c¢) 22.5 J: 0.28 mm,

(d) 7.5 J: 0.85 mm, (e) 15 J: 0.85 mm, (f) 22.5 J: 0.85 mm, (g) 7.5 J: 1 mm, (h) 15 J: 1 mm,
(i) 22.5 J 1 mm, (j) 7.5 J: PCT (EOF03), (k) 15 J: PCT (EOF04), (1) 22.5 J: PCT (EOF03).
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In Figs. 4.8a and 4.8b, the resin-rich areas A and C were detected at the depth of 0.28 mm, and
were barely detected at the depths of 0.85 mm (Figs. 4.8d and 4.8e), then were not detected
at all at the depth of 1 mm (Figs. 4.8g and 4.8h). The resin-rich areas B and F were detected
at the depth of 0.85 mm (Figs. 4.8d and 4.8f) in the clearest view; they were not detected at
the depth of 1 mm (Figs. 4.8g and 4.8i). The delamination in Fig. 4.8h (marked in purple)
was detected at the depth of 1 mm, which suggests its depth. The impact damage (marked in
yellow) grew along with the depth increase. Overall, flashes modality provided clearer results
than halogen lamps modality, and phase transform can provide the additional information.
In particular, it can provide the depth information via frequencies for quantitative analysis,

which is advantageous.

Figure 4.9: UT results of BFRP: (a) 7.5 J, (b) 15 J, (c) 22.5 J.

Taking into account the UT results in Fig. 4.9, the PT results evidently provided more
information, especially for resin-rich areas (marked in red). The VT results in Fig. 4.10
only showed clear identification for delamination, but not for resin-rich and impact damage

areas. The delamination was shown more clearly in the front-side inspection in Fig. 4.11.

(a) (b) (c)

Figure 4.10: VT results BFRP: (a) 7.5 J: PCT (EOF06), (b) 15 J: PCT (EOF03), (c) 22.5 J:
PCT (EOF02).

PPT provided additional information (Fig. 4.11e, 4.11f and 4.11g), in which the delamination
shrinked along with the depth increase. CW sub-THz can detect the delamination, but showed
a rough result (Fig. 4.11c). This may be caused by the low resolution (~3 mm) linked to its

low radiation frequency (~0.1 THz). The depth information in CW inspection is inaccessible.

38



The intensity curve of the CW sub-THz result in Fig. 4.11d showed the delamination feature,

which is deepest in the central zone. The fiber information was not detected in BFRP.

fl: ﬂﬂﬂﬂﬂﬂﬂﬂﬂ

[CI (@
Figure 4.11: Front-side results of 15 J BFRP: (a) photo, (b) UT result, (c¢) CW sub-THz

result, (d) intensity curve for sub-THz result, (e) phase: 0.28 mm, (f) phase: 0.85 mm, (g)
phase: 1 mm, (h) PCT: EOF03.

Fig. 4.12 shows the thermographic results of JHFP. The results are linked to the flashes
modality because it provides clearer results, and the full thickness can be detected due to the
higher thermal diffusivity a. The images from the depths of 0.44 mm (1 Hz) and 1.72 mm
(0.066 Hz) were obtained by phase transform. Impact damage areas (marked in yellow) other
than the visible zones were detected, but not as clear as that in BFRP. The resin-rich areas
(marked in red) were clearly detected. The fibers can be identified very clearly, which provides
the possibility for the evaluation of fiber orientation. PPT (Fig. 4.12a - 4.12f) provided more
information than PCT (Fig. 4.12g - 4.12i) and VT (Fig. 4.12j - 4.121), especially for the
identification of the flaws by means of defect depth retrieval via frequencies. PCT showed
the clear identification for both resin-rich and impact damage areas, but the impossibility
to perform a quantitative analysis is the disadvantage. VT only showed the impact damage

areas, although additional information of resin-rich areas and fibers can be visualized.

Fig. 4.13 shows the thermographic results of SCB. The images from the depths of 1.65 mm
(0.066 Hz) and 1.94 mm (0.048 Hz) were obtained. The resin-rich areas were detected, and
the fibers can be identified. The fiber orientation evaluation is more difficult in the case of
SCB due to the thermal characteristics. The impact damage areas A and B in Figs. 4.13a,
4.13b, 4.13e and 4.13f were not detected at the depths of 1.65 mm and 1.94 mm because they
are too close to the surface. The impact damage area C was detected at the depth of 1.65

mm in Fig. 4.13c, and the impact damage area D was detected at depths of both 1.65 mm
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Figure 4.12: IRT results of JHFP: (a) plate No.1: 0.44 mm, (b) plate No.2: 0.44 mm, (c)
plate No.3: 0.44 mm, (d) plate No.1: 1.72 mm, (e) plate No.2: 1.72 mm, (f) plate No.3: 1.72
mm, (g) plate No.1: PT (PCT: EOF02), (h) plate No.2: PT (PCT: EOF03), (i) plate No.3:
PT (PCT: EOF03), (j) plate No.1: VT (PCT: EOF04), (k) plate No.2: VT (PCT: EOF04),
(1) plate No.3: VT (PCT: EOF06).
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Figure 4.13: IRT results of SCB: (a) 5 J: 1.65 mm, (b) 10 J: 1.65 mm, (c¢) 20 J: 1.65 mm,
(d) 30 J: 1.65 mm, (e) 5 J: 1.94 mm, (f) 10 J: 1.94 mm, (g) 20 J: 1.94 mm, (h) 30 J: 1.94
mm, (i) 5 J: PT (PCT: EOF), (j) 10 J: PT (PCT: EOF), (k) 20 J: PT (PCT: EOF), (1) 30 J:
PT (PCT: EOF), (m) 5 J: VT (PCT: EOF), (n) 10 J: VT (PCT: EOF), (o) 20 J: VT (PCT:
EOF), (p) 30 J: VT (PCT: EOF).

and 1.94 mm in Figs. 4.13d and 4.13h. The depth information is a little bit deeper than the
mechanical measurement because the thermal diffusivity a value was calculated using similar
and reasonable data present in the scientific literature. Nevertheless, the growing trend of the
impact damage areas coincides with the theoretical estimation. The impact damage areas in

the four specimens can be detected by PCT. Of interest, VT showed the clearest results for
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the impact damage inspection of SCB.

Table 4.4: Relationship between modulated frequency f;, and depth z.

Frequency f;, [Hz] 0.2 | 0.1 |0.08|0.05]0.02]|0.01
BFRP | 0.49 | 0.69 | 0.77 | 0.98 | 1.55 | 2.19
Depth z [mm| | JHFP | 0.99 | 1.39 | 1.56 | 1.97 | 3.12 | 4.41
SCB | 0.95| 1.34 | 1.50 | 1.90 | 3.00 | 4.25

Table 4.4 shows the relationship between modulated frequency f, and depth z according to
Eq. 2.4 for phase-based LT. Fig. 4.14 shows the LT (phase) results of SCB at depths of 0.95
mm, 1.9 mm and 4.25 mm. The impact damage area A was not detected at the depths of
0.95 mm and 1.9 mm in Figs. 4.14a and 4.14e because it is located so close to the surface.
The impact damage area B was detected at the depth of 0.95 mm in Fig. 4.14b, but not at
the depth of 1.9 mm in Fig. 4.14f, which coincides with the mechanical measurement. The
impact damage areas C and D were detected at the depths of 0.95 mm (Figs. 4.14c and 4.14d)
and 1.9 mm (Figs. 4.14g and 4.14h) which is due to the calculation of the thermal diffusivity
« from literature data. All the impact damage areas were not detected at the depth of 4.25
mm. The growing trend of impact damage in SCB coincides with the theoretical estimation.
The resin-rich areas were also detected by phase-based LT, which showed clearer results, but

the longer inspection time is the disadvantage.

4.5 Summary

Table 4.5 shows the capabilities of NDT techniques for natural fibers composites. Overall,
IRT shows clearer results than UT and CW THz. Phase-based PT and LT can provide
depth information and clearer results for more features than PCT and VT. VT can only show
clearer results for the delamination in BFRP and the impact damage detection in SCB. The
flashes modality can provide clearer results than halogen lamps modality, but the latter can
detect deep-defects. On the contrary, quantitative analysis for shallow-defects is available in
the flashes modality because a higher frequency could be reached. The fiber identification is
difficult for BFRP, but feasible for JHFP and SCB - the more recent eco-friendly composite.
In addition, the delamination was not found in the two vegetable fiber laminates, which may

be caused by the different structures compared to BFRP - the mineral fiber composite.

In the future work, more advanded cutting edge image processing techniques such as truncated-
correlation photothermal coherence tomography (TC-PCT) [81; 82] may improve the test
sensitivity and resoluation for detection of subsurface details. In addition, the laser-based IRT
techniques may provide additional information for the inspection of natural fiber composites
[83; 63]. A finite element analysis (FEA) may also contribute to the research [74; 66].
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Figure 4.14: Phase-based LT results of SCB: (a) 5 J: 0.95 mm, (b) 10 J: 0.95 mm, (c) 20 J:
0.95 mm, (d) 30 J: 0.95 mm, (e) 5 J: 1.9 mm, (f) 10 J: 1.9 mm, (g) 20 J: 1.9 mm, (h) 30 J:
1.9 mm, (i) 5 J: 4.25 mm, (j) 10 J: 4.25 mm, (k) 20 J: 4.25 mm, (1) 30 J: 4.25 mm.
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Chapter 5

Image Diagnostics of Impact Damage
in Basalt and Carbon Fiber

Composites

5.1 Introduction

Given the high specific stength and stiffness, CFRP are often used in the aerospace indus-
try. However, their toughness is considerably low, therefore the impact damage resistance is
not very high. Impact damage is one of the most important threats for the aerospace indus-
try. Impact loading due to unwanted objects may occur during the process of manufacturing,
assembly, maintenance, and operation. Impact damage can greatly affect the residual me-
chanical properties of CFRP even if the damage is barely visible [84]. Several solutions have
been proposed in the past to enhance the impact damage resistance including the toughening
of the matrix material [85]. Another solution is represented by fiber hybridization (usually
with high strain to failure fibers) [86]. In this regard, glass fiber is the best option mainly
because it is inexpensive [87]. Basalt fibers can be considered as an interesting alternative to
glass fibers taking into account the mechanical properties and the environmental benefits [88].
This type of fiber, obtained from basalt rocks, has been demonstrated to be effective for the

reinforcement of polymeric matrices [89; 90].

An in-depth study of impact damage in hybrid composites composed of basalt and carbon
fibers has not been well documented yet in the open literature centred on thermographic diag-
nosis, while concerning basaltic materials, a couple of works should be taken into account in
view of the discussion of section 5.4 [91; 92|. In this work, optical and mechanical excitation
thermography were used to inspect BFRP, CFRP and basalt-carbon fiber hybrid specimens.
Interestingly, two different hybrid structures including sandwich-like and intercalated (i.e., al-

ternating sequence of basalt and carbon fabrics) were used. The advantages and disadvantages
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of the two structures were studied. In addition, PPT based on phase transform was used to
estimate the damage depth for QE in the optical excitation experimental set-up. PLST and
PCT techniques were also used to process the raw thermographic data. CT, as an estab-
lished technique, was used to validate the thermographic results. Finally, a comprehensive

and comparative analysis was conducted in view of future industrial applications.

5.2 Basalt-Carbon Hybrid Composites

Concerning the materials used in this work, the plain weave basalt (BAS 220.1270.P) and
carbon (CC160) fabrics have a fiber areal weight of 220 g/m? and 160 g/m?, respectively.
Bi-component epoxy resin (EC157+W152 MR) was selected as the polymeric matrix. The
specimens were manufactured by a Resin Transfer Moulding (RTM) system and were cured
for 12 h at room temperature and 4 h at 70 °C. All of the specimens have thirteen layers with
similar overall fiber volume fraction, thickness and the dimension of 180 mm x 60 mm (Table

5.1). The hybrid specimen (BCs) was stacked as a sandwich structure with seven carbon

Table 5.1: Thickness and fiber volume fraction of specimens.

Specimen Thickness Fiber volume fraction Dimension
[mm] [mm x mm]
B 3.40+0.05 0.315£0.01 180 x 60
C 3.50+0.04 0.325+0.01 180 x 60
BCs 3.50+0.04 0.319£0.01 180 x 60
BCa 3.4540.05 0.321£0.01 180 x 60

fiber layers (core) and three basalt fiber layers (skins) for each side. The hybrid specimen
(BCa) has seven basalt fiber layers and six carbon fiber layers alternatively stacked, keeping
basalt plies as outer layers on both sides. Non-hybrid BFRP (B) and CFRP (C) specimens
were also manufactured for comparative purposes. A falling dart impact machine (CEAST
9350) was used for low-velocity impact testing. All of the specimens were tested at 12.5 J by
keeping constant the indenter mass (6.929 kg) with a hemispherical impact head (12.7 mm
of diameter). The circular specimen holder has an external diameter of 60 mm and inner
diameter of 40 mm [93].

Fig 5.1 shows the photographs of the impact regions from the rear side. CFRP specimen
shows penetration of the dart through the thickness with splitting due to their brittle nature
(Fig. 5.1b). On the contrary, BFRP specimen shows delamination without back surface
splitting. BCs and BCa show an intermediate damage pattern with respect to BFRP and
CFRP specimens. In particular, bulge is present on the surface of BCa. At least, this is true

after a visual inspection.
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Figure 5.1: Photographs of the impact regions (rear side): (a) B, (b) C, (¢) BCs, (d) BCa.

5.3 Experimental Configurations

5.3.1 Optical Excitation Thermography

Specimen

Specimen Lampl I

Flashiﬂ: ) ___________ - s @.
‘ IR camera J L ™. v
IR camera f\\_" l".,‘ Pulsshesting ™. - % Defect
:E:] Tra[nsient hETing_,.-}::: _,j Defect Lockin hEating_.-"f.-. - f]‘
2-15 ms) {_\u.ld__.

() o IIIIIIIIIIIIIIIIIIIIIII ]

Flash2 ﬂ """""""""""""" Lampz@:

Figure 5.2: Optical excitation thermography configurations: (a) schematic set-up for PT using
flashes, (b) schematic set-up for LT and PT using lamps, (c¢) experimental set-up for PT using
flashes, (d) experimental set-up for LT and PT using lamps.

Fig. 5.2a shows the schematic set-up for photographic flash modality, while the high-energy
lamp modality is shown in Fig. 5.2b. Figs. 5.2c and 5.2d show the real experimental set-
ups. Two Balcar FX 60 (6.4 KJ, 2 ms duration) producing optical flashes were used in
this configuration, while two 'OMNLUX PAR64’ (1000 W, 5 s duration) halogen lamps were

applied as second and last thermal stimulus. A mid-wave IR camera with the frame rate of
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~b5 fps was used. The cooling times were set at 10 s and 20 s for flashes and halogen lamps

modalities, respectively.

5.3.2 VT

Specimen

Il

IR camera Pulse signal Ultrasonic
ﬁ] -« Defect l. transducer
Lockin signal {15-50 kHz)

Figure 5.3: VT configuration, (a) schematic set-up, (b) experimental set-up.

Fig. 5.3 shows the VT set-up. The previous IR camera with the same frame rate equal to ~55
fps was used. The transducer was pressed (200 Pa) against the specimen and two periods of

0.2 Hz (10 s) lock-in ultrasonic waves were delivered.

5.4 Experimental Results and Analysis

In this work, all the images have the same scale as that in Fig. 5.1 (20 mm marked in white).
RMF and CIS were performed prior to the application of PPT, PCT and PLST in PT regime,
while RMF was applied prior to the application of phase transform in LT.

Fig. 5.4 shows the PCT results from the PT configuration using the flashes set-up. The
BFRP specimen has the largest delaminated area among all the specimens (Fig. 5.4a), while
the CFRP specimen has the smallest delaminated area in which the back surface splitting is
also present (Fig. 5.4b). The BCs specimen (Fig. 5.4c) possesses a similar behaviour to that of
the BFRP specimen. The BCa specimen with a bulge (Fig. 5.4d) shows a similar delaminated
area as that of the BCs specimen, but slightly less extensive. This indicates the presence of less

delamination in BCa specimen than that observed in the BCs specimen. Of particular interest,
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(b) (c) (d)
Figure 5.4: PCT results of PT: (a) B: EOF 04, (b) C: EOF 04, (¢) BCs: EOF 04, (d) BCa:
EOF 04.

cross-shaped defects A and E were detected in the BERP and BCs specimens, although they
are clearer in Fig. 5.4c. In addition, regions B, C and D have different thermal signatures, as
shown in Fig. 5.4a. This may indicate that B, C and D are located at different depths. PCT
results linked to PT inspection and working with halogen lamps have similar results and for

this reason, they are omitted from the text.

Splitting

*i

-

(d)

Figure 5.5: PCT results of VT: (a) B: EOF 03, (b) C: EOF 03, (c) BCs: EOF 04, (d) BCa:
EOF 03.

Fig. 5.5 shows the PCT results of VI. BFRP and BCs specimens show clearer delaminated
areas than CFRP and BCa specimens. Cross-shaped defects A and E were inspected more
clearly in Figs. 5.5a and 5.5c. Differently from PT results, regions B, C and D show the same
contrast due to internal excitation (Fig. 5.5a). The delamination in the BCa specimen was
also detected, but not as evident as in the PT results. VT results show an improved contrast,
although PT can provide additional information. Table 5.2 shows the damaged areas obtained
from PCT in PT and VT.

Table 5.2: Damaged areas obtained from PCT in PT and VT.

Specimen B C | BCs | BCa
2] PT | 1267 | 296 | 936 | 787
VT | 1135 | 191 | 1045 | 469

Damaged area [mm

Thermographic images obtained along with the increase of depth are useful for further analysis.
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PLST, which can provide images along with the increase of depth, was used to process the

PT data. Fig. 5.6 shows the PLST results. Halogen lamps were used since they can detect

Splitting

Splitting: -

) )

M

Figure 5.6: PLST results: (a) B: Loading 01), (b) C: Loading 01, (c) BCs: Loading 01, (d)
BCa: Loading 01, (e) B: Loading 02, (f) C: Loading 02, (g) BCs: Loading 02, (h) BCa:
Loading 02, (i) B: Loading 03, (j) C: Loading 03, (k) BCs:Loading 03, (1) BCa: Loading 03.

deeper depths than flashes. Table 5.3 shows the damaged areas obtained from PLST. PCT

Table 5.3: Damaged areas obtained from PLST.

Specimen B C | BCs | BCa

Loading 01 | 1110 | 192 | 897 | 644

Damaged area [mm?] Loading 02 | 1006 | 254 | 439 | 524
Loading 03 | 837 | 286 | 892 | 403

can detect larger damaged areas than PLST.

The delaminated area in the BFRP specimen decreases along with the increase of depth. This

result is surprising, since BFRP has better toughness. The absorbed energy FE, created the

delamination, but not splitting. Usually the delaminations are located near the back surface

[94]. Of interest, region B is not present in Figs. 5.6e and 5.6i. This indicates that region
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B is the nearest to the back surface and region D is located deepest (near to the impacted
surface). On the other hand, the damaged area in the CFRP specimen increases along with

the increase of depth. This is because splitting plays an important role in CFRP specimens.

The delaminated area in the BCa specimen decreases along with the increase of depth. How-
ever, BCs shows a different reaction after the impact in the middle of the depth axis (Fig.
5.6g). This result should be viewed taking into account that the sandwich-like cores consist

of carbon fiber fabrics.

Although the PLST technique can link the loadings with the increase of the depths, it cannot
provide quantitative values. This explains why PPT and LT were also used in this work;
indeed, they can take advantage of phase transform to estimate the depth of images. Specifi-
cally, the thermal diffusivity « is a parameter of particular interest for calculating the depth
by phase transform according to Eq. 2.4, and can be expressed as follows according to Eq.
1.1:

oa=— (5.1)

where, c,[J/kgK] is the specific heat at constant pressure, p[kg/m?] is the density, and
E[W/mK] is the thermal conductivity.

For composite materials, a can be calculated by [67; 68; 69]:

N
Acomposite = Z(Wf : amate’rial)N (52)
1
where, N is the number of constituent materials in the composite, and Wy is the fiber weight

fraction.

Eq. 5.2 is linked to the fact that the o parameter is composed of physical quantities, but not
of pseudo-physical quantities, in a similar manner as the C), parameter. Therefore, taking into
account the Buckingham theorem, it is possible to sum each layer for its volume fraction and
mass fraction, respectively. This enables the final o and volume parameters to be obtained.

Table 5.4 shows the thermal diffusivity « calculated according to Eq. 3.2, while Table 5.5

Table 5.4: Calculated thermal diffusivity a.

Specimen B C B-C
Thermal diffusivity a [10~"m?/s] | 0.88 2.08 1.43

shows the relationship between modulated frequencies f, and depth z according to Eq. 2.4.

Fig. 5.7 shows the PPT results. It is possible to see how PPT displays similar images as those
obtained using the PLST image processing (images along with the depth). However, PPT can
provide the depth estimation. In the BFRP specimen, region B is the clearest at the depth
of 0.68 mm and becomes blurry from the depth of 1.19 mm (Fig. 5.7i), while region C is the
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Table 5.5: Relationship between modulated frequency f, and depth z.

Modulated frequency f[Hz] | 0.2 0.1 0.065 0.05 0.02 0.01
B 068 096 1.19 136 215 3.05

Depth z[mm)| C 1.05 148 184 2.09 331 4.68
B-C 0.87 1.23 1.52 1.74 275 3.88

Splitting

Splitting

l

Splitting

(i) V)]
Figure 5.7: PPT results: (a) B: 0.68 mm, (b) C: 1.05 mm, (c) BCs: 0.87 mm, (d) BCa: 0.87
mm, (e) B: 0.96 mm, (f) C: 1.48 mm, (g) BCs: 1.23 mm, (h) BCa: 1.23 mm, (i) B: 1.19 mm,
(j) C: 1.84 mm, (k) BCs: 1.52 mm, (1) BCa: 1.52 mm.

clearest at the depth of 0.96 mm (Fig. 5.7e). Region D appears between the depths of 0.68
mm and 1.19 mm. These features can indicate their depths. In the CFRP specimen, specific
delaminated areas appear at the depths of 1.05 mm and 1.48 mm. Along with the depth, an
increasing damage is shown. In order to probe deeper depths, LT was used and these results

are shown in Fig. 5.8.

In the hybrid specimens, BCa shows a decreasing delamination along with the depth. However,
BCs shows a particular reaction after the impact loading at the depth of 1.52 mm, as shown
in Fig. 5.7k. This result coincides with the corresponding PLST results (Fig. 5.6g). This may

be caused by the sandwich-like structure (carbon fiber fabric core). PLST can detect larger
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Figure 5.8: LT results: (a) B: 2.15 mm, (b) C: 2.09 mm, (¢) BCs: 2.75 mm, (d) BCa: 2.75
mm, (e) B: 3.05 mm, (f) C: 3.31 mm, (g) BCs: 3.88 mm, (h) BCa: 3.88 mm.

damaged areas than PPT and LT. The delamination in Fig. 5.8c is more similar to that shown
in Figs. 5.7c and 5.7g. This is of particular interest, since the depth of 2.75 mm is located in
the basalt fiber fabric layers. Figs. 5.8g and 5.8h show less information because 3.88 mm is
out of the depth for these types of specimens. Table 5.6 shows the damaged areas obtained
from PPT and LT.

Table 5.6: Damaged areas obtained from PPT and LT.

Specimen B C | BGCs | BCa
0.2 Hz | 1059 | 140 | 850 | 587
0.1 Hz | 1020 | 243 | 830 | 567

o7 0.065 Hz | 930 | 258 | 523 | 561

) 0.05 Hz / 261 / /
0.02 Hz | 923 | 275 | 721 | 540
0.01 Hz | 709 / / /

Damaged area [mm

Fig. 5.9 shows the 100 pm-resolution CT slices, which were used to validate the thermographic
results. In BFRP specimen, the largest delamination appears at a depth of 0.1 mm (Fig. 5.9a).
Region B is the clearest at a depth of 0.6 mm (Fig. 5.9e), while region C appears at a depth
of 0.8 mm (Fig. 5.9i). Regions B and C disappear at a depth of 1 mm (Fig. 5.9m), while
region D is the clearest at this depth. The delamination is the slightest at the depth of 3.3
mm (Fig. 5.9q). These CT slices validate the thermographic results obtained from PPT and
LT by depth increase. In the CFRP specimen, specific delamination appears at the depths of
0.5 mm and 1.7 mm (Figs. 5.9f and 5.9j). The largest delamination is shown at the depth of
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Figure 5.9: CT slices: (a) B: 0.1 mm, (b) C: 0.1 mm, (¢) BCs: 0.1 mm, (d) BCa: 0.1 mm, (e)
B: 0.6 mm, (f) C: 0.5 mm, (g) BCs: 0.8 mm, (h) BCa: 0.8 mm, (i) B: 0.8 mm, (j) C: 1.7 mm,
(k) BCs: 1.7 mm, (1) BCa: 1.7 mm, (m) B: 1 mm, (n) C: 3 mm, (o) BCs: 2.7 mm, (p) BCa:
2.7 mm, (q) B: 3.3 mm, (r) C: 3.3 mm, (s) BCs: 3.3 mm, (t), BCs: 3.3 mm.
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3.3 mm. These CT slices also validate the thermographic results linked to CFRP in PPT, L'T
and PLST.

In the slices of the hybrid specimens, BCs shows a decreasing delamination extension along
with the depth, which compares quite well the thermographic results. BCs shows the largest
delaminated area at a depth of 0.1 mm (Fig. 5.9¢). Then, the delamination decreases along
with the depth. However, it shows a sharply decreasing delaminated area at a depth of 1.7
mm (Fig. 5.9k), which is located at the middle depth (carbon fiber fabric core). This feature
also coincides with the PPT (Fig. 5.7g) and PLST (Fig. 5.6g) results. Overall, the 100 pm-
resolution CT slices can validate the thermographic results by depth increase, although the

thermographic images are clearer.

5.5 Summary

Both optical and mechanical excitation thermography are useful image diagnostics for impact
damage in BFRP, CFRP and basalt-carbon fiber hybrid composites. If compared to the 100
pm-resolution CT technique which was used to validate the thermographic results, IRT has
the abilities to provide clear images and additional information. PCT can detect the largest
damaged areas, while PPT and LT can identify the smallest damaged areas. However, the
depth values of defects can be estimated in PT and LT by phase transform. PLST can also
provide thermographic images (Loadings) linked to the increment of the depth. However,
it cannot provide quantitative information, which is of paramount interest. These advanced

image processing techniques enhance the advantages of IRT.

Absorbed energy E, was more easily converted into delamination in BFRP thanks to its lower
interlaminar shear strength. On the contrary, F, created back surface splitting in CFRP
thanks to its inherent limited ductility. Hybridization with basalt fibers improved the tough-
ness of carbon-based laminates to a different extent depending on the stacking sequence. The
basalt-carbon fiber hybrid specimen (BCs) with sandwich-like structure shows a pronounced
delaminated area similar to that observed in the BFRP specimen, while the basalt-carbon
fiber hybrid specimen (BCa) with alternately stacked structure shows characteristics much
more similar to those of the CFRP specimen. Summarizing, a more extensive delaminated
area was detected in the BCs specimen than in the BCa specimen. This is because delamina-
tions are probably more numerous in the BCa specimen, but less extensive due to the multiple

basalt-carbon interfaces. However, BCa shows a bulge on the back side of impact.

This study provides a reference for taking advantage of different basalt-carbon fiber hybrid
structures for specific industrial applications [74; 66]. In particular, it confirmed the possibility
of detecting damage at different depths. This is of particular interest with a view to correlating
the damage and its extension with the residual properties of composite laminates. A simula-

tion using the finite element method (FEM) may contribute to the further understanding of
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sandwich-like and alternating stacked structural characteristics subjected to known velocities

of impact.
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Chapter 6

Image Diagnosis for Micro-sized Flaws
in CFRP

6.1 Introduction

Three-dimensional (3D) CFRP are increasingly used for aircraft construction due to their
exceptional stiffness and strength-to-mass ratios. Composites made from 3D textile preforms
can reduce both the weight and manufacturing cost of advanced composite structures within
aircraft, naval vessels and the blades of wind turbines [95]. The in-plane stiffness and strength
of 3D woven composites are lower; while the out-of-plane properties are higher compared
to conventional 2D laminates [96]. Assembly of 3D complex composite structures requires
efficient joining methods. The most frequently used joint found in structural applications is
the T-joint.

The purpose of T-joints is to transfer flexural, tension and shear loads to the skin. T-stiffeners
are used extensively in aircraft wings in order to prevent skin buckling during wing loading.
However, designing composite joints is more difficult than metallic joints due to the mechanical

properties of composite materials [97].

In the design of T-joints, filler is inserted in T-joints and resin is used to reinforce the structure.
The fiber insertion technique has the potential of creating a low-cost T-joint with improved
damage tolerance and failure strength [98]. However, incomplete infusion of T-joints core (dry-

core) is a typical issue. Figure 6.1 shows typical dry-core in a non-stitched CFRP T-joint.

Stitching [99] is used to reduce dry-core and reinforce T-joint structure [100]. However, stitch-

ing might lead to new types of flaws due to the characteristics of its structure.

NDT of composite materials is complicated due to the wide range of flaws encountered (in-

cluding delamination, micro-cracking, fiber fracture, fiber pullout, matrix cracking, inclusions,
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Figure 6.1: Typical dry-core in a non-stitched CFRP T-Joint (microscopic inspection).

voids, and impact damage). The ability to quantitatively characterize the type, geometry,
and orientation of flaws is essential [101] [14]. The ability to identify and characterize such

micro-sized flaws accurately is challenging. [60]

IRT is becoming increasingly popular in the recent years as a NDT technique due to its fast
inspection rate, contactless, spatial resolution and acquisition rate improvements of infrared
cameras as well as the development of advanced image processing techniques. It is used for
diagnostics and monitoring in several fields such as electrical components, thermal comfort,

buildings, artworks, composite materials and others [64].

In this work, established techniques including microscopic inspection, UT, PT, VT, LST using
lock-in method are performed to detect a stitched 3D T-joint CFRP. A new micro-LLT is used
to detect a stitched CFRP T-joint. An 18 pm resolution micro-CT is used to validate the
infrared results. A comparison of the micro-LLT and micro-CT is conducted. Then, a FEA
simulating the infrared results is performed. The geometrical model needed for finite element
discretization is developed from the micro-CT. There is little information in the open literature
on FEA for IRT on micro-sized flaws. The infrared experimental results are explained on based
of the FEA.

In addition, lock-in micro-LLT is also proposed on the basis of lock-in technique and pulsed
pulsed micro-LLT. Micro-VT and micro-LST are also proposed by using a micro-lens. These
new techniques are also used to investigate the submillimeter porosities in the stitched T-joint

CFRP specimen. Finally a comparison of the experiments and simulation is conducted.
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6.2 T-joint CFRP

6.2.1 Materials System

The T-joint specimen selected for this evaluation was sewn using stacked TC-06-T 3K carbon
fiber. The 3D architecture was woven using 3K /12K carbon fiber. A continuous row of stacked

12K tow fiber was used for insertion. A toughened epoxy resin infusion system was selected.

6.2.2 Fabrication

The T-joint specimen was fabricated using 3D preform consisting of multiple layers of woven
fabric. The complete 3D fabrication model is shown in Fig. 6.2a. A high-resolution photograph
of the fabrication is shown in Fig. 6.2b.

Figure 6.2: (a) The complete 3D fabrication model, (b) a high-resolution photography of the
preform, (c) the procedure of a triangular-shaped noodle processing for T-joint insertion.

The noodle for the T-joint insertion was pre-shaped through compaction. During processing,
the twisted round-shaped stacked 12K carbon fiber tows were placed into the molding tool
and compacted to a triangular-shape as the tool was clamped together. The noodle processing
procedure is shown in Fig. 6.2c. After the fiber insertion process was completed, the resin

infusion process was initiated.

6.2.3 Geometry

For composites, meso-geometry can influence processing and performance properties. To de-
scribe the meso-geometry, the textile unit cell model is shown in Fig. 6.3a. The complete

single layer preform model is shown in Fig. 6.3b.

The geometrical model describing the internal geometry is developed on the basis of the
method proposed by Ito and Chou [102]. The model consists of four intertwined yarns sur-
rounded by the isotropic matrix. There are two warp yarns in the longitudinal direction
and two fill yarns in the transverse direction. Each yarn is a unidirectional composite in the

material coordinate system with orthotropic properties [103].
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(a) (b)
Figure 6.3: (a) The textile unit cell model (mm), (b) the single layer preform model.

The equations proposed by Ito and Chou [102]| for the yarn geometry is used for developing

the geometrical model. The warp yarn path curve on the fill face is described by

h 2
z0(x) = Eysin(gm),where - % <z < % (6.1)
and the fill yarn cross-section curve on the same face by
21(z) = 2he \/(2m—a)(a—a —2z)+hy, —h whereX <z <2 (6.2)
L g g v e 2 4 ‘

where hy is the yarn thickness, a is the dimension of the model in either the fill or warp
directions (warp or fill faces, respectively), a4 is the gap width between two adjacent transverse

yarns, and
(sin(%) +1) (6.3)

Figure 6.4: The model geometrical relation.

The model geometrical relation is shown in Fig. 6.4. The values of the parameters are shown
in Table 6.1.
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Table 6.1: The model geometrical parameters

Geometrical Parameters Value
Weave length in warp direction, a¢* (mm) 6
Weave length in fill direction, a/ (mm) 6
Gap width in warp direction, ay’ (mm) 0.3
Gap width in fill direction, ag (mm) 0.3
Yarn thickness, h, (mm) 0.6

6.2.4 Specimen

The complete stitched T-joint is shown in Fig. 6.5a. The sample contains 6 stitching lines.
The purpose of the stitching is to consolidate the T-joint structure and to reduce dry-core.
The sample measures 152 mm in length, 148 mm in width, 63 mm in height, and 5 mm in

thickness (excluding the T-stringer), as shown in the figure.

The front side of the sample is shown in Fig. 6.5b. A 10 mm x 152 mm zone was inspected

using micro-LLT and micro-CT.

stitchings

stitchings

152 mm

EMmX

10 mm - 25 mm

1a) (b}

Figure 6.5: (a) Complete stitched 3D T-joint sample, (b) front side of the sample.

6.3 Inspection Results Using the Established Techniques

6.3.1 Microscopic Inspection

Microscopic inspection was performed through cutting and polishing a part of 30 mm x 148
mm shown in Fig. 6.5. The purpose is to investigate the structure and internal flaws in the

sample.

The grinding and polishing procedure is automated, as is the procedure for the stitching
of many images obtained by auto-focal and self-travelling microscope. These procedures are

thus automated, but they require supervision. Images are obtained using optical as opposed to
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Figure 6.6: Microscopic inspection results of T-joint CFRP (a) top-section, (b) cross-section.

SEM, which requires polishing instead of gold sputtering. However, the overall time required
for either device is probably comparable and optical is far more accessible. The physical size
corresponding to the assembled image is about 12 mm x 12 mm, which is the largest that
can be accommodated. The resolution of the inspection is 7 ym. The quality of the images
is good and sufficient for inspection. There are scratches, watermarks and dirt on these first

images but these can be sorted.

The microscopic inspection results are shown in Fig. 6.6. Figure 6.6a shows the micro-
porosities in top-section. Figure 6.6b shows the stitching and micro-porosities in cross-section.
The stitching is shown in the image. In Fig. 6.6b, more micro-porosities in resin redundancy
zone are inspected than in other zones. Most micro-porosities measure a diameter of around

0.1 mm to 0.2 mm shown in Fig. 6.6.

6.3.2 UT

UT was performed to inspect the entire sample. Water immersion method was used. The
detection results using the transducer with the frequency of 2.25 MHz are shown in Fig. 6.7.
The images were acquired before the microscopic inspection. Figure 6.7a shows the detection
result using pulsed-echo technique. Pulsed-echo technique uses a transducer to emit ultrasonic
beams, and uses the same transducer to receive the reflected signals. Figure 6.7b shows the
detection result using through-transmission technique. Through-transmission technique uses
a transducer to emit ultrasonic beams, and uses another transducer with the same parameters
to receive the transmitted signals on the opposite side. Figure 6.7c shows the color scale for

signal amplitude percent.

In Fig. 6.7a, many abnormalities are detected. Some of them might be voids and porosities.
However, it is a challenge to identify and characterize them due to the attenuation and scat-
tering of the ultrasonic beams, which are caused by the complex internal structure. In Fig.
6.7b, three large-sized abnormalities are shown. They might be resin abnormalities or internal

structural flaws. However they are also difficult to be identified and characterized accurately.
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Figure 6.7: UT results of T-joint CFRP (2.25 MHz) (a) pulsed-echo, (b) through-transmission,
(c) color scale for signal amplitude percent.

UT using transducers with the frequencies of 5 MHz, 10 MHz, 15 MHz were also performed.

However, none of them can identify and characterize the internal flaws accurately.

6.3.3 PT

PT was performed to detect the sample. Figure 6.8a shows the classical pulsed thermography
set-up [4]. Figure 6.8b shows the experimental set-up. In the set-up, a mid-wave infrared
(MWIR) camera (FLIR Phoenix, InSb, 3-5 um, 640 x 512 pixels) at a frame rate of 55 Hz
was used to record the temperature profile. Two photographic flashes (Balcar FX 60 with

pulse duration of 5 ms and producing 6.4 kJ per flash) were used to heat the sample.

Figure 6.9 shows the detection results before the microscopic inspection. Figure 6.9a shows
the image from first derivative image processing. Figure 6.9b shows the image from second
derivative image processing. In Fig. 6.9, some voids measured around 1 mm to 2 mm are
inspected. PT can detect large-sized flaws. However it is a challenge to characterize submil-

limeter flaws. Several image processing methods were conducted. However, none of them can
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Figure 6.9: PT results of T-joint CFRP (a) first derivative, (b) second derivative.

identify and characterize submillimeter flaws.

6.3.4 VT

(a)

{b)

Figure 6.10: (a) Classical VT set-up[4], (b) experimental set-up.
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Figure 6.10a shows the classical VT set-up|4]. Figure 6.10b shows the experimental set-up.
In the set-up, a mid-wave infrared (MWIR) camera (FLIR Phoenix, InSb, 3-5 um, 640 x 512
pixels) at a frame rate of 55 Hz was used to record the temperature profile. The transducer
horn was pressed against the sample and a burst of ultrasound wave (20 kHz, 2200 W) at a
modulation frequency of 0.25 Hz and with amplitude modulated between 10 - 30% of maximum

power was delivered to the sample.

152 mm

le

148 mm A 148 mm
(a) {b)

Figure 6.11: VT results of T-joint CFRP.

Figure 6.11 shows the detection results before the microscopic inspection. None of the two
images can identify flaws. The potential reason is an heat source issue coupling caused by the

complex internal structure.

6.3.5 LST and LT
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Figure 6.12: (a) Classical LST set-upl5], (b) experimental set-up|6].

Figure 6.12a shows the classical LST set-up|4|. Figure 6.12b shows the experimental set-up.
In the set-up, a mid-wave infrared (MWIR) camera (FLIR Phoenix, InSb, 3-5 um, 640 x 512

pixels) at a frame rate of 55 Hz was used to record the temperature profile. A diode-laser
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was used for heating source. The laser wavelength is 805 nm. The laser beam power is 4.2
W. A convex lens was used to focalize the laser beam. A micro-lens was used to detect the
submillimeter flaws. The magnification of the micro-lens is 1 x. Lock-in method was used to

identify and characterize the internal flaws.

12 mm

1mm
-l

(b)

Figure 6.13: (a) image prior to heating, (b) heating spot.

Figure 6.13a shows the image prior to heating. The infrared image measures 12 mm x 14

mm. Point 4 is the heating spot shown in Fig. 6.13b.
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Figure 6.14: ST results of T-joint CFRP (locked-in method) (a) surface, (b) depth: 0.21 mm,
(c) depth: 0.65 mm

Figure 6.14a shows the detection result on the surface. Figure 6.14b shows the result from
the depth of 0.21 mm. Figure 6.14c¢ shows the result from the depth of 0.65 mm. In Fig.
6.14, no defect is detected. LST can detect internal structure and flaws using lock-in method.
However, it is a time-consuming technique. It is difficult to inspect the entire sample (152 mm

X 148 mm) using laser spot thermography.
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6.4 Micro Laser Line Thermography (Micro-LLT)

In conventional IRT set-up, a relatively homogenous heat source such as flash or halogen lamps
is used to heat sample surface, and then temperature distribution on the surface is recorded
with an infrared camera. Conventional IRT can detect a broad variety of defects, such as
voids, pores, or delaminations [104]. However, it is difficult to detect micro-sized flaws due to
CFRP structural complexity, which leads to heat diffusion abnormity, especially for interlayer

detection.

To tackle this problem, LST may be an effective solution, which is currently experiencing
intense research activities. This approach uses a laser spot to scan over sample surface.
Changes in the heat conductivity lead to changes in the thermal footprint. This approach
may effectively reduce the impact of CFRP structural complexity. However, this approach
needs a massive amount of workload and time due to spot inspection feature. Therefore, in
this work, a new approach 'micro-LLT” is presented to utilize LST’s advantage, and to reduce

its disadvantage.

LLT has been used to detect surface cracks [105]. Li et al. [105]used a beam expander and
a cylindrical lens to convert a laser spot with a radius of around 0.9 mm to a laser line
source. However, the detection of other types of flaws was poorly documented. In this work, a
galvanometer scanning mirror with a frequency of 600Hz is used to generate a laser line [106].

A micro-lens was used to identify and characterize micro-sized flaws.

convex lens micro-mirror

laser beam ===

micro-mirror

IR camera

Figure 6.15: (a) Micro-laser line thermography experimental set-up, (b) laser spot to laser
line.

Figure 6.15a shows the experimental set-up for micro-LLT. In the set-up, the sample was fixed
on a robot. A mid-wave infrared (MWIR) camera (FLIR Phoenix, InSb, 3-5 pum, 640 x 512
pixels) at a frame rate of 55 Hz was used to record the temperature profile. A diode-laser
with wavelength of 805 nm, a beam power of 2.9 W, and a heating time of 0.5 s was used.

A convex lens was used to focus the laser beam and a micro-lens was used to identify and
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characterize the micro-sized flaws. The magnification of the micro-lens is 1x. A micro-mirror
(7 mm diameter) was mounted between the IR camera and the sample. GSI G124 open loop
optical scanner (+24° optical scan angle) was used to deflect the mirror. In Fig. 6.15b, the
laser spot was converted to a laser line when the micro-mirror swung at the frequency of 600
Hz. Figure 6.15b shows the heat source. Its length is around 10 mm and its width is around
3 mm. [60]

Figure 6.5b shows the inspected zone. The laser line crosses a stitching line. The robot moved
per 3 mm towards the direction shown in Fig. 6.5b. A total of 51 tests were performed to

detect the 10 mm x 152 mm area shown in Fig. 6.5b.

A micro-CT inspection was performed on the same 10 mm X 152 mm zone shown in Fig. 6.5b.
The resolution of the inspection is 18 um. The purpose of the x-ray tomography inspection is

to validate the micro-LLT results.

6.4.1 Experimental Results

(c)
Figure 6.16: The x-ray tomography results (a) surface, (b) depth: 90 pm, (c) depth: 0.18 mm.
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Figure 6.16 shows slices from the micro-CT results. Some specific micro-porosities are marked

in the images. Some micro-porosities are inspected on the surface.

1 mm
S

1 mm
*—

Figure 6.17: The micro-laser line thermography results (a) cold image, (b) raw image with
contrast adjustment, (c¢) PCT.

Figure 6.17 shows the micro-LLT results in the same zone. The heating area is marked in

green.

The result of an infrared inspection is a sequence of infrared images which contains: the sample
before heating, the moment when the laser line heats the sample, the rise of the temperature

profile and the temperature profile decrease [63].

Figure 6.17a was acquired from CIS at 0.8 s (the heating time is 0.5 s and the thermal diffusion
time during temperature profile decrease is 0.3 s). In Fig. 6.17a, some micro-porosities on
the surface such as C and D (marked in purple) are detected. However, some other micro-
porosities on the surface such as some in the zone E (marked in yellow) are not detected. The

potential cause is the IR camera resolution limitation. Statistically the micro-porosities with
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a diameter of less than 54 um are not detected in Fig. 6.17a.

In Fig. 6.17a, the micro-porosity A (marked in red) is detected. However, it is not detected
on the surface shown in Fig. 6.16a. It appears from the depth of 90 pym shown in Fig. 6.16b.
Figure 6.16b shows the x-ray tomography image from the depth of 90 pm. The micro-porosity
A has a diameter of 0.162 mm. The micro-porosity A can be detected more clearly in the raw

image with contrast adjustment shown in Fig. 6.17b.

Figure 6.17c shows the infrared image from PCT. This image is from the 6th EOF. In Fig.
6.17c, the performance of the micro-porosity A is exceptional (darker in contrast) compared
to the other micro-porosities. Micro-LLT can detect the micro-sized internal defects in the

sample. However, the depth and the size of defects can affect the detection results.

Figure 6.16¢ shows the x-ray tomography image from the depth of 0.18 mm. The micro-
porosity B (marked in blue) is inspected and has a diameter of 0.216 mm from the depth of
0.18 mm. However, the micro-porosity B cannot be inspected in the infrared images. One
potential cause is that the depth of 0.18 mm exceeds the IR camera detection limitation with
the laser beam power of 2.9 W. Another potential cause is that the micro-porosity B is below
the fiber F (marked in orange) shown in Fig. 6.16a and Fig. 6.17a. It might reduce the heat

transmission. This hypothesis was investigated using finite element analysis. [60]

6.4.2 Finite Element Modeling and Simulation

A finite element simulation was performed to analyze the micro-porosities A and B. A model
was implemented into COMSOL Multiphysics as a user-defined material model for predicting
the non-linear behavior of heat transmission in the sample. The model was validated for the

experimental results. Finally a comparison of the experiments and simulation was conducted.

The geometrical model needed for finite element discretization was developed from the micro-
CT measurements (Fig. 6.18). The laser-line power is 2.9 W. The power was tested in the
lab. The power density is 2.9 W / (3 mm x 10 mm). The laser line covered an area of 2.5
mm X 0.5 mm. Therefore, the power in the model is 2.9 W x (2.5 mm x 0.5 mm) / (3 mm

x 10 mm). The heating time is 0.5 s.
The material properties used for the model are shown in Table 6.2.

Table 6.2: The material properties

Epoxy Fiber Porosity
Thermal conductivity (k) | 0.2 W/(m-K) | {60,4,4} W/(m-K) | 0.004 W/(m-K)
Density (p) 1200 kg/m? 1500 kg/m? 0
Heat capacity (C,) 1000 J/(kg-K) 1000 J/(kg-K) 1004.5 J/(kg-K)

Figure 6.19a shows the x-ray tomography measurements. Figure 6.19b shows the correspond-
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0.6 mm

Figure 6.18: The geometrical model.

ing model geometrical parameters. The length of the fiber F is 5 mm, and its width is 0.8
mm. The length of the fiber G is 4 mm, and its width is 0.8 mm. The thickness of fiber F
and G is 90 pym. The fill yarn cross section is an ellipse with major axis 0.8 mm and minor
axis 0.09 mm. The warp yarn curves are described by Eq. (1), where h, = 0.1 mm and a =
5 mm. Fiber G is rotated by 20°. Two concave surfaces face each other. The centers of mass
lay on z-axis. Two fibers are embedded in cubic epoxy with the volumetric dimension of 6 mm
x 2.5 mm x 0.6 mm laid along x-axis. In Fig. 6.19a, the micro-porosities A and B cannot be

detected because they are below the surface. However, their positions are indicated.

The parameters of the micro-porosities A and B are shown in Fig. 6.19c. The parameters
were obtained from the micro-CT. The micro-porosity A appears from the depth of 90 um to
the depth of 0.36 mm, and has a diameter of 0.162 mm to 0.306 mm. The micro-porosity B
appears from the depth of 0.18 mm to the depth of 0.504 mm, and has a diameter of 0.216

mm to 0.36 mm.

Figure 6.20a shows the simulation surface temperature distribution from the heating time 0.5
s. Figure 6.20b shows the corresponding slice temperature distribution. Figure 6.20c shows

the surface temperature distribution from top view.

Result analysis

Figure 6.21a shows the surface slice temperature distribution from top view. Figures 6.21b,
6.21c, 6.21d and 6.21d show the slice temperature distribution from the depth of 50 pm, 0.1
mm, 0.2 mm and 0.5 mm respectively. The temperature on the position of the micro-porosity
A is much higher than that of the micro-porosity B, as shown in the figure. In Figs. 12 6.21a,
6.21b and 6.21c, the temperature on the position of the micro-porosity A is higher than that

71



fiber F: 5 mm

(b)
B A
surfacd &= / 'l b_)surface
- —— 90 pm
0.18 mm €~
20.36 mm
0.504 mm< 0.162|mm
01216 mm ¢
0.306 mm
0.36 mm
z 1mm

y~—11< ¢ *

()

Figure 6.19: (a) The micro-CT measurements (surface), (b) the corresponding model geomet-
rical parameters, (c) the geometrical parameters of the porosities A and B.

of the other heated zones. The potential cause is the influence of the micro-porosity A. In Fig.

6.21e, the temperature on the position H is higher than that of the other heated zones. The
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Figure 6.20: (a) surface temperature distribution (heating time: 0.5 s), (b) slice temperature
distribution (heating time: 0.5 s), (c) surface temperature distribution from top view.

potential cause is that neither fiber nor micro-porosity is existed on the position H. Therefore,

the heating transmission is not reduced.

Figure 6.22a indicates the cause of the phenomenon inspected from the micro-LLT experi-
ments. The fiber F reduced the heat transmission towards the micro-porosity B. It is the
major reason that the micro-porosity B was not detected in the infrared results, but was

detected in the x-ray results.

Figure 6.22b shows the slice temperature distribution from side view when the heating time
is 1 s. According to the temperature distribution compared to Fig. 6.22a, the micro-porosity

B cannot be detected using micro-LLT even if the heating time is increased to 1 s.

The temperature distribution images can directly reveal the trend of the heating transmission.
However, it cannot provide more reliable information for the detection capability. For com-
parative purposes, CIS and PCT were also used for simulation, which was previously poorly

documented in the open literature.

The simulation data was exported to Matlab for further image processing, and the correspond-
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Figure 6.21: Slice temperature distribution from top view when the heating time is 0.5 s: (a)
surface, (b) depth: 50 pum, (c¢) depth: 0.1 mm, (d) depth: 0.2 mm, (e) depth: 0.5 mm.

ing data structural transformation was performed.

Figure 6.23 shows the simulation images after image processing. The corresponding experi-

mental results after image processing reveal the clearer porosity A than the simulation images.

The porosity B cannot be inspected in the experimental results. However, it can be identified

in Fig. 6.23b, which is the corresponding simulation image after PCT.
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Figure 6.22: Slice temperature distribution from side view: (a) heating time: 0.5 s, (b) heating
time: 1 s.
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Figure 6.23: The simulation results after the corresponding image processing: (a) CIS, (b)
PCT.

In Table 6.3, 1 means that the porosity is detected by the corresponding image processing
technique, and 0 means the corresponding porosity is not detected. Table 6.3 reveals the

detection capability. The minimum size is 54 pm, and the maximum depth is 0.18 mm.

The mesh of the corresponding models affects the image processing results severely, which is
shown in Fig. 6.23. The simulation results in Fig. 6.23 reveal that clearer results can be
obtained by PCT than CIS, but the defect size also affects the detection capability.
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Table 6.3: Detection capacity of pulsed micro-LLT.

Submillimeter porosity | Experiment | Simulation
Depth Size CIS | PCT | CIS | PCT
36 pm 72 pm 1 1 1 1
54 pm 54 pm 1 1 1 1
72 pm 126 pm 1 1 1 1
90 pm 108 pm 1 1 1 1
108 pm 90 um 1 1 1 1
162 pm 72 pm 0 1 0 1
180 pm 216 pm 0 0 0 1

6.5 Lock-in Micro-LLT and Micro-LST

6.5.1 Experimental Configurations

The configuration for lock-in lock-in micro-LLT in this work is shown in Fig. 6.24. In the
set-up, a galvanometer scanning mirror with a frequency of 600 Hz is used to generate the laser
line. The position of the laser line can change by modulating the galvanometer scanning mirror,
which is shown in Fig 6.24b. Therefore, the set-up can avoid blocking the camera’s capture,
which is more practical for submillimeter flaws detection. The laser line is approximately 13
mm in length, 3 mm in width, and its power is 0.6 W. A micro-lens with the magnification
of 1x is mounted on an infrared camera for identifying and characterizing the submillimeter
porosities. The mid-wave infrared camera 'FLIR Phoenix’ at a frame rate of 55 fps (640 x
512 pixels) is used to record the temperature profile. A diode-laser with the wavelength of
805 nm is used as the heating source. A convex lens is used to focus the laser beam. A
waveform generator is used to generate the laser line, and another waveform generator is used
to generate the lock-in waves (sinusoidal waves). For pulsed micro-LLT, a 0.5 s pulse heating
is performed. For lock-in micro-LLT, 1 Hz and 5 Hz lock-in signals heating (20 periods) is

conducted on the same zone.

The set-up with the galvanometer scanning mirror is also used for micro-LST in this work,
which is shown in Fig. 6.25. The position of the laser spot can change by modulating the
mirror angle. A waveform generator is used to generate lock-in waves. The laser spot diameter
is 3 mm, and its power is 0.22 W. For pulsed micro-LST, a 0.5 s pulse heating is performed.

For lock-in micro-LST, 1 Hz lock-in signal heating (20 periods) is conducted on the same zone.

6.5.2 Result Analysis

Fig. 6.26 shows micro-CT slices from the position of 141 mm. Fig. 6.26a shows the surface
of the detected region. Fig. 6.26b shows the micro-porosity A, which appears from the depth
of 90 um. The micro-porosity A has a diameter of 0.162 mm. Fig. 6.26c¢ shows the micro-
porosity B, which appears from the depth of 0.18 mm. The micro-porosity B has a diameter
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Figure 6.24: Lock-in micro-LLT set-up: (a) experimental set-up, (b) schematic set-up.

of 0.216 mm. Fig. 6.26d shows the micro-porosity C, which appears from the depth of 0.414

mm. The micro-porosity C also has a diameter of 90 um

Fig. 6.27 shows the micro-LLT results. Fig. 6.27a shows the pulsed micro-LLT result after
CIS when the heating source is a 0.5 s pulse. The micro-porosity A can be detected. In
lock-in method, the micro-porosity B cannot be detected in the raw images as in the pulse
method. However, the images after image processing can provide more defects information.
Fig. 6.27b shows the lock-in result after PCT. The micro-porosity A can be detected in the
image. The micro-porosity B is also detected, but not as clearly as the micro-porosity A.

Figs. 6.27c and 6.27e show the lock-in results after Fourier transform (FT) on amplitude. The
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Figure 6.25: Micro-LST experimental set-up.

micro-porosities A and B can be detected, but not clearly. The micro-porosity A is clearer
when the lock-in frequency is 1 Hz. On the contrary, the micro-porosity B is clearer when the
lock-in frequency is 5 Hz. The positions of the micro-porosities A and B are correspondingly
marked in Figs. 6.27d and 6.27f. Figs. 6.27g and 6.27h show the lock-in results after F'T on
phase. The micro-porosity A can be detected, but not clearly. The micro-porosity B cannot

be detected as in the amplitude case.

Fig. 6.28 shows the micro-LST results. Fig. 6.28a shows the 0.5 s pulse laser heating result
after CIS. The micro-porosity A is detected. The micro-porosity B cannot be inspected by
any image processing methods, similar to the corresponding pulsed micro-LLT results. As in
the lock-in micro-LLT results, the micro-porosity B cannot be detected in the raw images, but
can be detected in post-processing images. Fig. 6.28b shows the lock-in result after PCT. The
positions of the micro-porosity A and B are anomalous. One can conclude that the micro-
porosities A and B are detected in this image. However, this result is not absolutely reliable.
Fig. 6.28c shows the lock-in result after F'T on amplitude. The micro-porosities A and B are
detected clearly. The micro-porosity A is clearer than the micro-porosity B. Compared to the
corresponding laser line method, the micro porosity B is clearer. Fig. 6.28d shows the lock-in

result after F'T on phase. Similar to the corresponding laser line results, the micro-porosity A
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Figure 6.26: Micro-CT slices (a) surface, (b) depth: 90 um, (c¢) depth: 0.18 mm, (d) depth:
0.414 mm.

can be detected, but not clearly. The micro-porosity B cannot be detected.

6.6 Micro-vibrothermoraphy (Micro-VT)

6.6.1 Experimental Configuration

In this work, micro-VT is proposed by using a 1x micro-lens, which is shown in Fig. 6.29. The
IR camera ’Flir Phoenix’” with the same configurations as laser thermography is used to record
the temperature profile. In the set-up, an ultrasound excitation transducers with a pressure
of 200 Pa is pressed against the specimen and a burst of ultrasound waves is delivered to the
specimen. Table 6.4 shows the micro-V'T generator technical specifications. A 10 s pulsed
ultrasound excitation is used. The ultrasound excitation position is located on the back side

of the specimen.

Table 6.4: Micro-VT generator technical specifications.

Technical specification Explanation/value
Ultrasound frequency 20 kHz
Waveform modulation or pulsed
Minimum modulation frequency 0.1 Hz
Maximum excitation time 10 s
Amplitude 0 to 100%
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Figure 6.27: Micro-LLT results (a) pulse: 0.5 s, cold image, (b) lock-in: 5 Hz, PCT (EOF 8),
(c) lock-in: 5 Hz, FT amplitude, (d) lock-in: 5 Hz, FT amplitude (defects marked) (e) lock-in:
1 Hz, FT amplitude, (f) lock-in: 1 Hz, FT amplitude (defects marked) (g) lock-in: 5 Hz, FT
phase, (h) lock-in: 1 Hz, FT phase.

6.6.2 Result Analysis

Fig. 6.30 shows the corresponding micro-VT results. Fig. 6.30a shows the micro-VT result,
which is from the raw images. The post-processing images do not provide better results.
Compared to the micro-CT slices, micro-porosities on surface can be detected. The micro-
porosities A, B and C can also be detected, but not clearly. The three micro-porosities are
marked in Fig. 6.30b. The micro-porosities A, B and C show a similar size and shape, which

is absolutely wrong.
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Figure 6.28: Micro-LST results (a) pulse: 0.5 s, cold image, (b) lock-in: 1 Hz, PCT (EOF 5),
(c) lock-in: 1 Hz, FT amplitude, (d) lock-in: 1 Hz, FT phase.

Table 6.5: Experimental thermographic results.

Submillimeter porosity Pulsed micro-LLT & LST Lock-in micro-LLT & LST Micro-VT
Depth Raw image CIS PCT Raw image PCT FT on phase FT on amplitude Raw image
Surface 1 1 1 1 1 1 1 1
90 pm 1 1 1 1 1 1 1 1
180 pm 0 0 0 0 1 0 1 1
414 pm 0 0 0 0 0 0 0 1

Table 6.5 shows the experimental thermographic results, where 1 indicates that the corre-
sponding porosity is found, and 0 indicates that the corresponding porosity is not found. As a
conclusion, lock-in technique can detect the deeper depth than pulsed technique. However, the
clarity of the results decreases rapidly as the detection depth increases in PCT results. The
amplitude FT results can provide more information than phase calculation. The FT results
are not as clear as the CIS results, but CIS is not suitable for lock-in technique. The laser spot
method is more powerful than the corresponding laser line method even if the laser spot power

is lower compared to the laser line power. Micro-VT can detect the larger zone and deeper
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Figure 6.29: Micro-VT experimental set-up.
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Figure 6.30: Micro-VT results (a) pulse: 10 s, (b) pulse: 10 s (defects marked).

depth than laser excitation thermography, but the detection size and shape informations are

not accurate.

6.7 Summary

In this work, established techniques were used to detect a stitched 3D T-joint CFRP. Micro-
scopic inspection can obtain the internal structure and submillimeter flaws in a clear manner.
However, it is a time-consuming and destructive technique. UT cannot indentify and char-
acterize the internal flaws accurately. PT can detect the large-sized flaws, but cannot detect
the submillimeter flaws. VT cannot detect the internal flaws due to the complex structure.
LST using lock-in method can detect the internal structure and flaws. However, it is a time-

consuming technique.
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A new micro-LLT was presented. Micro-CT was used to validate the micro-laser line ther-
mography results. A comparison of micro-LLT and high-resolution x-ray tomography was
conducted. Then a FEA was performed on the micro-LLT results. The geometrical model
needed for finite element discretization was developed from micro-CT measurements. The
comparison of the experiments and simulation was conducted. As a conclusion, micro-LLT
can detect the micro-sized internal defects in the sample. However, the depth and the size
of defects affect the detection results. Statistically the micro-porosities with a diameter of
less than 54 pm cannot be detected in the micro-LLT results. Micro-LLT can detect the
micro-porosity (a diameter of 0.162 mm) from the depth of 90 pm. However, it cannot detect
the internal micro-porosity (a diameter of 0.216 mm) from the depth of 0.18 mm. The major
cause is that the porosity with the diameter of 0.216 mm is below a fiber which reduced the

heat transmission.

Other new IRT approaches including micro-V'T, lock-in micro-LLT and micro-LST based on
lock-in and pulsed techniques are proposed. These approaches are also used to detect the
submillimeter porosities in the stitched T-joint CFRP specimen. Micro-CT is used to vali-
date the thermographic results. Finally an experimental comparison of micro-laser excitation
thermography and micro-ultrasonic excitation thermography is conducted. As a conclusion,
micro-VT can provide the deepest detection depth, but the size and shape informations are
not accurate. Lock-in technique can identify the deeper depth than pulsed technique. The
laser spot method can provide clearer results than the laser line method, but is not practical

due to the limitation of detection zone.

For laser excitation thermography, a potential way to enhance the maximum detection depth
is to increase the laser power, but there is a risk that the CFRP specimen would be damaged.
Another potential way is to use lower lock-in frequencies. A finite element method (FEM)
is beneficial to the analysis of the lock-in technique [83], especially by using infrared image

processing techniques [74].
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Chapter 7

Non-destructive Investigation of

Paintings on Canvas

7.1 Introduction

The use of THz technology has been magnificently described in a book recently published
[107]. Among the various applications that are possible with THz, its use in the cultural
heritage (CH) field is attracting increasing attention. Recently, different applications have
been introduced in the scientific panorama by eminent research groups. In particular, the
attention was focused on panel paintings, taking into account both the nature of the defects
and the type of the materials which, usually, constitute them. In the authors’ opinion, it
is important to first briefly summarize the salient works already carried out in this research
field for the sake of clarity for the reader and, secondly, to introduce the advantages that
an integrated approach, e.g., with IRT can produce in terms of additional information for

comparison purposes.

In 2015, Kock Dandolo et al. applied THz - time domain imaging (TDI) for non-destructive
visualization of a hidden painting and other subsurface composition layers of a seventeenth
century panel painting belonging to the National Gallery of Denmark. Plan-type and cross-
sectional scans achieved by THz have been compared with X-ray images, thus helping in the
understanding of the advantages and disadvantages of the technique for art diagnostic purposes
[108]. Simultaneously, Koch Dandolo et al. also explored and imaged subsurface features of
panel paintings through gilded finishes with THz-TDI. Subsurface layers of three gilded panel
paintings (two contemporary tempera panel replicas and one fourteenth-century icon) have
been successfully imaged behind gold finishes with THz-TDI [109]. Instead, Abraham et al.
revealed buried layer information such as a graphite handmade sketch covered by several layers
of paint. In addition, taking advantage of the pulsed THz emission, the authors demonstrated

that it was also possible to evaluate the variations of the painting thickness [110|. Labaune et

84



al. applied THz-TDI on papyrus texts, including images of hidden papyri. Inks for modern
papyrus specimens were prepared using the historical binder, Arabic gum, and two common
pigments used to write ancient texts, carbon black and red ochre. Temporal analysis of the
signals provides the depths of the layers, and their frequency spectra give information about
the inks [111]. Abraham and Fukunaga employed onsite THz radiation for the analysis of
museum artifacts related to art conservation science. The authors used two complementary
portable THz imaging devices which have been employed at the Tokyo National Museum
(Japan) and at the Museum of Aquitaine (France). A Japanese panel screen, African fetish
figures, and a nearly 3500-year-old sealed Egyptian jar were imaged with THz waves, revealing
their internal structures [112]. In 2016, Fukunaga et al. applied THz pulsed TDI technique
and near-infrared observation to investigate an oil painting on canvas by Pablo Picasso. The
multilayer structure was clearly observed in a cross-sectional image by THz pulsed TDI, and
particular Cubism style lines were revealed under newly painted areas by near-infrared imaging
[113]. Ome year before, Picollo et al. probed two masterpieces by Giotto di Bondone and by
Masaccio. Data acquired at a noninvasive level on panel paintings provided useful information
on their internal structures. In addition, a first attempt in the understanding of the chemical
composition of the artworks was scientifically validated [114]. The combination THz - chemical
characterization was also implemented three years before by Trafela et al. In their paper, THz
spectroscopy in the time domain was explored in combination with multivariate data analysis
for quantitative determination of chemical and mechanical properties of historic paper, such as
lignin content, tensile strength, and ash content. Using partial least squares (PLS) regression,
it was shown that quantitative prediction of the material properties is possible, which indicates
the potential of THz spectroscopy for chemical characterization of complex organic materials
of natural origin [115]. A comparative study between ultraviolet, visible, infrared (by using
the well-known PPT technique) and THz spectra was conducted in the same year by Bendada
et al. [116]. The work was based on non-simultaneous multi-spectral inspections of a panel
painting sample, using a set of detectors covering from the ultraviolet to the THz spectra.
The THz technique provided more information regarding the wood support (rings), as well
as an indication of a sub-superficial inclusion of foreign material. Another comparative study
between shearography and THz imaging for evaluating a wooden panel painting was reported
by Groves et al. in 2009 [117]. Gallerano et al. have investigated hidden paintings since 2008.
The colleagues also calculated the refractive indexes of artwork materials, as well as the ability

of distinguishing pigments via the THz technique [118].

The exponential growth in the use of THz applications in the NDT&E research field is due
to the fact that the THz region (from 0.1 to 10 THz in terms of frequencies) is an area of
convergence between the electronics and the photonics fields in the electromagnetic spectrum.
Among the advantages that can be underlined regarding the THz radiation, it is possible to
remember that it can penetrate through a wide variety of dielectric materials (e.g., fabric, pa-

per, plastic, leather, and wood), it is non-ionizing and has minimal effects on the human body
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(as opposed to X-ray radiation), it demonstrates a very large absorption when meeting water
aggregates or humid materials while it is highly reflected when it hits metal surfaces. Con-
cerning the disadvantages with respect to, e.g., near-infrared reflectography /transmittography
technique [119], the detecting of THz signals is difficult because blackbody radiation at room
temperatures is strong at THz frequencies. Another concern for THz imaging is the atmo-
spheric transmission. The atmospheric attenuation of the THz domain is higher than in the
other spectral regions, such as infrared and visible-light regions [120]. This requires that THz
imaging should be short-range when compared to imaging in the other modalities. Another
problem is the selection of appropriate optics in imaging systems. Generally, lenses are not
used so widely in the THz regime because of lack of convenient materials and anti-reflection
coatings functioning over a wide range of frequencies [121]. Difficulties in the construction of
advanced lenses are associated with one of the most important limitations of THz systems,
which is the measurement resolution. Despite the increasing number of pixels in cameras,
THz solutions are as limited by the diffraction phenomenon as are any other imaging systems.
An absolute upper performance limit linked to the laws of physics is controlled by the sensor
size working f-number of the lens and the wavelength of light that passes through the lens
[122]. In the diffraction-limited case, frequency determines resolution [123]. To improve the
signal-to-noise ratio (SNR), THz images can be obtained by mechanically scanning the object
— pixel by pixel — with the use of a coherent source. However, this solution may be applied

only for static objects, and it is difficult to export the apparatus in situ.

In this work, the authors studied the ability of a CW THz source for the detection of the nature
of different canvas supports beneath oil paintings. Since the canvas layers can sometimes be
doubled and of different nature in the same painting, what is visible from the rear side does
not correspond to the reality. It follows the definition of art forgery, e.g., a process of creating
a piece of art by copying an existing piece or by mimicking the style of another artist with
the use of certain materials to falsely attribute and (or) date works of art [124|. Forgery
recognition and attribution processes require a detailed knowledge of the history and the work
of a particular artist, materials available at the time when the artwork was allegedly created,
as well as the manner of creation used by the artists. At the same time, forgers continue to
enhance their skills in mimicking styles, using old canvas as skins of a core made by a different
product (which have the intent to reach the right thickness). To counteract this, art experts
rely heavily on various scientific methods now available [125|. Explained above regarding the
main disadvantages of the X-ray technique, the neutron activation is used less frequently than
infrared in order to reveal details of composition hidden by the top layers of the painting
under investigation. The primary reason for this is the necessity to use a nuclear reactor as
the source of neutrons, which significantly limits the availability of the method because of cost
and physical location of the reactor; another reason is the residual radioactivity of paintings
[126]. Additional options may be the use of acoustic analysis [127] or ground penetrating

radar technique [128|. However, acoustic analysis remains today somewhat exotic for the field
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of analysis of art. The main limiting factors are the speed of raster scanning and difficulties
with the fine tuning of the setup. Often the successful operation of the device requires that
a qualified specialist be involved. The number of publications on this subject is relatively
limited, and the scope of research mostly includes mural and panel paintings (not paintings on
canvas) [129; 130; 131]. When using the ground penetrating radar technique, interpretation
of radargrams is generally non-intuitive to the novice and, in the CH field, it is usually used
for thick objects, such as mural paintings [132| or historical floors [133] and not for thin
objects, such as paintings on canvas, due to the operation frequency. The use of IRT can
be a valid choice in order to support the THz imaging in the artwork inspection and in the
distinction between genuine or fake weaving in paintings on canvas. Indeed, it is a non-contact,
non-intrusive and non-invasive method which permits a series of advanced post-processing
operations to seeing the unseen [64; 134; 76|, e.g., canvas cuspings [135|, underdrawings [136],
covered signatures [137], sub-superficial defects [138] and repairs [139], wood analysis [140], the
raising damp effect [141], inclusions of heterogeneous materials [66; 61|, porosity [74; 83; 65]
and fiber orientation [63]. In the present research work the authors demonstrate how the use
of principal component thermography (PCT) [57] and partial least square thermography [55]
techniques applied under flash thermography conditions can help to retrieve some important
differences between a sample constructed following the art master rules and a fraudulent work

of art, when the results are compared with the THz imaging observations.

7.2 Description of The Samples

The canvas prototypes used in this work were composed of hybrid textile supports, with
different textile fibers. Once mounted on a wooden frame, the prototypes were painted using
the original execution technique inherent to the painting selected as representative samples to
be duplicated. The original artwork is an oil painting on canvas produced in 1871 by James
Abbott McNeill Whistler, titled Portrait of the Painter’s Mother (Fig. 7.1) [142; 143; 144; 145].

The scale drawings were, therefore, reproduced on two different hybrid fabric supports (Fig.
7.2). Regarding the preparation of the specimens, textile fibers which exhibit adequate me-
chanical characteristics for conservation purposes were selected. The weft-insertion usually
recommended is 12 yarns (weft) : 12 yarns (warp) cm?. The final dimensions of the specimens
are 24 cm x 30 cm. The textile support of canvas A was made from hemp and nettle, while
the textile support of canvas B was made from flax and juniper. The material of canvas A is
close to that of the original artwork, while in painting B, the force used on the paint brush
was almost double with respect to the painting B. The method to paint by pressing on the

canvas through the paint brush is the opposite used by the art masters, in general.
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Figure 7.1: “James Abbott McNeill Whistler, Arrangement in Grey and Black, No. 1: Portrait
of the Painter’s Mother, 1871, oil on canvas, 144.3 cm x 162.4 cm, Musée d’Orsay, Paris".

7.3 Experimental Configurations

7.3.1 CW THz

The system employed in this work utilizes IMPAct ionization Transit Time (IMPATT) diodes
[146; 147; 148] to exploit 0.1 THz (sub-THz) CW imaging. The system consists of a detec-
tor (TeraSense Linear-1024), a robot (Fanuc LR Mate 200iD 7L), and a CW THz emitter
(TeraSense T'S 1603). The detector has a spectral range of 40 GHz - 0.7 THz and a frame rate
of 8.2 fps. The pixel size of the detector is 1.5 mm X 1.5 mm, and the number of pixels is 1024
(256 x 4). The CW THz emitter has an optimized frequency of 0.1 THz and 1 ps rise/fall time
(TTL Modulation). The emitted radiation beam is expanded to exploit the detector ability
of detecting radiation along a line composed of 256 pixels, which reduces scanning time. The
imaging capability of the system is 6 mm (4 pixels) in width and 384 mm (256 pixels) in
height. The central region of the detected images (5 mm in width) was selected as the step
scanning resolution, and the sample moving speed was set to 5 mm/s. The distance between
the sample and the THz emitter was ~10 cm, which was the same as the distance between
the sample and the THz sensor. Fig 7.3a and 7.3c show the reflection mode configuration, in
which the CW source and the detector were placed in front of the painting layer. Fig 7.3b and

7.3d show the transmission mode configuration, in which the specimen was placed between
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Figure 7.2: The photographs of the paintings on canvas: (a) the canvas A, (b) the canvas B,
(c) the textile support made from hemp and nettle, (d) the textile support made from flax
and juniper.

the CW source and the detector.

7.3.2 Flash Thermography
In this chapter, flash thermography was used to integrate the CW THz results.

Fig. 7.4 shows the schematic and experimental set-up for PT in which both a Balcar FX 60
(6.4 KJ, 2 ms duration) photographic flash and a mid-wave IR camera (FLIR Phoenix, InSb,
3 -5 pum, 640 x 512 pixels) was used. The cooling time was equal to ~3 s (300 frames) and a
frame rate of ~88 fps was selected by considering the thickness of the material to be inspected.
In particular, only one flash was used in order to minimize the effect of an overheating on the
paint surface which is a concern for any restorer. Although this procedure can create a non-
uniform heating on the surface, this effect can be minimized by applying advanced algorithms

to the raw data as explained in the following.
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Figure 7.3: CW sub-THz imaging system: (a) schematic set-up in reflection mode, (b)

schematic set-up in transmission mode, (c) experimental set-up in reflection mode, (d) ex-
perimental set-up in transmission mode.
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Figure 7.4: PT set-up using flash: (a) schematic set-up, (b) experimental set-up
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7.4 Result Analysis

In this chapter, contrast optimization and median filter were performed in CW THz imaging,
while RMF and CIS were performed prior to the application of PCT and PLST techniques to

the raw thermograms.

.
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Figure 7.5: CW THz results: (a) painting on canvas A in reflection mode, (b) canvas A in
transmission mode, (c) painting on canvas B in reflection mode, (d) canvas B in transmission
mode.

Fig. 7.5 shows the CW THz results. In order to record the data, the robot was used to move the
specimen, continuously and horizontally, with the aim of acquiring a series of narrow images.
The images recorded by the sensor, with a size of 5 mm in width, were used to compose a
wide image. Because the samples have a large size in height with respect to potentiality of
the system, several scans were carried out along horizontal lines to build the final THz image.

The image processing was performed using Python and Matlab scripts.

In reflection mode (Figs. 7.5a and 7.5¢), some anomalous signals can be distinguished. They
are indicated by arrows and explained in-depth in the following, while in transmission mode
(Figs. 7.5b and 7.5d), the results show a periodic trend which is correlated to the wavelength
of the radiation. The crossed fibers of the canvas can act as a reflective mesh, thus causing

interference patterns depending on the different path length from source to detector. The
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canvas A (Fig. 7.5a) indicates a more significant reflectance for THz radiation than the can-
vas B (Fig. 7.5¢). On the contrary, the canvas B (Fig. 7.5d) manifests a more significant
absorbency for THz radiation than the canvas A (Fig. 7.5b). These opposite phenomena
were caused by the intrinsic characteristics of the supports, which have different absorptivities
and reflectivities. In particular, the textile support made from hemp and nettle shows a con-
figuration of spots alternating with high-absorption areas at specific frequency. Instead, the
textile support made from flax and juniper displayed a more homogeneous behavior along the
inspected lines. It should be noted that the thickness of the canvas supports (Figs. 7.2b and
7.2d) is the same, although in forgery the rear side may not match with the real support. In
practice, a visual inspection or a simple microscope may not be enough in order to discriminate
between a real object or a copy. The results shown herein are greatly significant for distin-
guishing various materials of similar (but not identical) nature. On one hand, it is obvious
that the painted surface does not contribute solely to the discrimination between similar (but
not identical) objects. On the other hand, this method could be potentially combined with
the classical chemical analyses performed on cross-sections after a micro-sampling procedure
[149; 137; 141] in order to discriminate between real or fraudulent artworks. The integra-
tion of methods proposed herein, at least when used in reflection mode, is also suited for in
situ inspections if a movement off site, e.g., the museum, is not admissible for microclimatic

problems.
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Figure 7.6: PCT results: (a) painting A: EOF 02, (b) painting A: EOF 03, (c¢) painting A:
EOF 04, (d) painting B: EOF 02, (e) painting B: EOF 03, (f) paint B: EOF 04.

As mentioned above, some signals not correlated between the paintings can be retrieved. In
particular, it seems that a vertical (dark) stripe can be visualized in the canvas B (defect F

- on the right). It can be linked to the force used on the paint brush which closed more of
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the pores between two consecutive fibers. Flash thermography was used to integrate the THz
results. Specifically, a part of the features of the woman on painting A was detected. The
features A indicate her head and arm in both THz and PCT results. An anomalous signal is
marked by the letter B. It is detected more clearly in Fig. 7.6b. Additional irregularities in
the signal variation are present near the feet of the woman as indicated by the letter C in Fig.
7.5a. They were also detected in Figs. 7.6a and 7.6¢c. The defect D was also clearly detected
both in the THz (Fig. 7.5a) and PCT results (Fig. 7.6¢), while the defect E indicates a poor
fiber impregnation problem (Figs. 7.5a and 7.6b). These anomalies are not detectable to the
naked eye and can be verified by the PCT technique. Interestingly, the warp and weft of the
fibers are partially visible after the PCT image processing in Fig. 7.6¢ (see the anomaly H
indicated by arrows). The latter is not detectable in the same EOF (EOF 04) shown in Fig.

7.6f, and inherent to the canvas B.

In the THz result (Fig. 7.5c) linked to the painting on canvas B, the hidden defect F was
clearly detected. The same defect was also detected in PCT results shown in Figs. 7.6d and
7.6e. The letter G indicates another signal variation partially located on the head of the
woman. This may suggest the presence of a hidden defect corresponding to the position of
the woman’s head, which may be located at a deeper depth. A longer cooling time during
the IRT inspection may contribute to detecting this defect, which presumably is inherent to

a thicker point of plaster applied beneath the paint layer (Figs. 7.2b and 7.2d).

Figure 7.7: PLST results: (a) painting A: Loading 01, (b) painting A: Loading 02, (c) painting
A: Loading 03, (d) painting B: Loading 01, (e) painting B: Loading 02, (f) paint B: Loading
03.

Flash thermography is able to provide information concerning the defect depth as studied in
[150]. However, the series of the PLST results in Fig. 7.7, i.e., from Loading 01 to Loading 03
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show the images through the increase of depth sounded, in both cases. PLST detected fewer
anomalies with respect to the THz and PCT techniques. The signal variation H shows the
alignment of the fibers. (Fig. 7.7b). This may explain the reason why it cannot be detected
by THz. In fact, the limit imposed by the wavelength (0.1 THz) plays an important role. On
the contrary, the defects B and E were detected at deeper depths as shown in Fig. 7.7c. The
defect F which appears as a vertical stripe on the right side, was confirmed also in this case.
It is indeed present in the THz result (Fig. 7.3c) and in the PCT result (Fig. 7.6d).

THz and IRT results indicate different sub-superficial anomalies which can be used to dis-
criminate regarding the technical execution, and the modality of application of the materials.
Interestingly, in PLST image processing, the Loading 02 in both cases (Figs. 7.7b and 7.7e)
isolates the non-homogeneous heating provided by the right lamp (Fig. 7.4b) into itself. The
reader can notice the bright area on the body of the woman. Both the PCT and PLST
techniques were not able to retrieve the direction of the fibers for the canvas B. This is an
important clue in order to provide a first conclusion concerning the technical execution of two

similar (but not identical) samples.

7.5 Summary

In this work, CW THz (0.1 THz) imaging applied both in reflection and in transmission mode
was applied to two similar (but not identical) paintings on canvas. In particular, the first
one (named sample A) reproduces exactly the famous artwork (an oil on canvas) of James
Abbott McNeill Whistler, titled Arrangement in Grey and Black, No. 1: Portrait of the
Painter’s Mother, completed in 1871, while the second one is a good reproduction in which
the nature and the texture of the canvas is very dissimilar with respect to the real one and the
technical execution is slightly different. Although the nature and the texture of the canvas can
be observed from the rear side, one usually finds good reproductions in which the support is
achieved with a bottom layer acting as a cover for the upper layers. Therefore, the inspection in
reflection mode is important. In this case, the samples were prepared considering an identical
final thickness, if compared to each other. The application of a cover layer on the rear side
of sample B, identical to the canvas of sample A, improves the validity of the present method
since also the transmission mode has been taken into account during the THz inspections. The
polarization of the THz source used herein was also used in [151]. It was a priori considered,
since anisotropic materials such as composites have a variable reflectance strictly connected
to the fiber directions.

In real objects, the micro-sampling procedure and, therefore, the study of cross-sections can
be considered as a second step to distinguish between artworks and forgeries. However, the
micro-sampling procedure is, unfortunately, both micro-destructive and irreversible. Maybe

the parameterization and analysis of various materials or the determination of the thickness
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influence on the THz and IRT results, can be considered a valid alternative. The micro-
sampling procedure is obviously not applied on reproductions/copies of real artworks, and/or
when the materials used in real artworks are well known/documented. It can be combined
with imaging in order to discriminate between materials and/or attend to “determine a period
of time" of execution for an object, by considering the palette of pigments used by the art
master (or by the forger). In addition, the use of the THz method combined with the use of
the IRT method can help to provide information regarding the execution of the paint layers

or the texture of the fabric used.

The THz results obtained in the transmission mode show different absorptivities for the textile
supports, while thermographic results revealed both shallow and relatively deep anomalies in
relation to the EOF (for PCT technique) or loading (for PLST technique) used. The PCT
technique and THz method detect different signal variations. These signals variations can
be attributed to sub-superficial anomalies than what it was possible to detect by the PLST
technique. However, the PLST technique summarizes the most important noise linked to
the use of a single lamp in the Loading 02. In addition, the consecutive images are strictly
linked to the scanning of the depth. THz results are not immediately understandable to a
non-expert in this matter, although when integrated with IRT results they can corroborate

the main assumptions.

Although the THz is not new and the system used herein is a commercial product, the inno-
vation is the use of the robot to scan the oil paintings, or more in general, the use of the robot
in the cultural heritage field. It allows an in situ inspection when, e.g., it is not possible to
move the artwork outside the museum due to microclimatic reasons. Our CW THz system has
the advantage of operating via a simple experimental set up and is inexpensive, however, it
cannot retrieve the defect depth. On the contrary, pulse THz system can assure quantitative
analyses. Regarding the image processing, the intensity data are stored in a matrix in the CW
THz system, which can be directly converted to a raster image. A perspective of the present
work will be the use of the robot in combination with thermographic measurements, as well
as the application of a pseudo-static reconstruction algorithm before the advanced image pro-
cessing procedure. A short-wave IR camera (SWIR) can also be used both in reflection and
in transmission modes considering both the semi-transparent nature of the object itself, and
the possibility to perform a digital subtraction procedure between the reflectogram and the

transmittogram with the aim of detecting the weaker areas of the canvas [78§].
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Conclusion

The thesis shows the performance of different NDT&E techniques for different composite
materials including dry carbon fiber preforms, natural fiber composites, basalt-carbon hybrid
composites, micro-sized flaws in a stitched T-joint CFRP and paintings on canvas which can

be considered as composite materials.

In the cases of dry preforms, natural fiber composites and basalt-carbon hybrid fiber com-
posites, IRT shows the clearest results among all the techniques. B-TSR and PCT show the
clearest results among all the infrared image processing techniques. However, the lack of depth
information is a disadvantage of PCT. Instead, PPT can provide the depth information. PLST
can also show additional results as the depth increases, but not as clearly as PPT. PLST can
only provide qualitative depth information, but it requires less processing time than PPT.
The flashes modality can detect shallow-defects because it can reach a higher frequency. On

the contrary, the halogen lamps modality is better for deep-defects detection.

A new IRT technique micro-LLT was proposed for the detection of micro-sized flaws in a
stitched T-joint CFRP. This technique was validated by micro-CT for the detection of sub-
millimeter porosities. A FEA was used to investigate the experimental phenomena. The same
image processing techniques were performed both on the experimental and simulation date. In
this way, micro-LST and micro-VT were also presented to detect these millimeter porosities.
Finally, a comprehensive comparison of these new techniques was conducted to show their

performance.

In the last chapter, a comparative study on paintings on canvas was conducted using CW THz
and flash thermography. The canvas material can also be considered as composite materials.
CW THz can detect subsurface features and its results were validated by the thermographic

images.

More detailed conclusions are summarized in the ’summary’ section of Chapter 3 to Chapter
5. Overall, IRT is a technique which is increasingly used, since it has the advantages of
clearer images, faster detection speed and lower expenses. The thesis could contribute to the

corresponding academic and industrial applications for the field of composite materials.
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Future work

The following further work will be conducted to enhance the scientific contributions to this
thesis in the future. 1), FEA will be preformed for the basalt-carbon hybrid composites in
Chapter 5. This will be helpful to understand the IRT results and the structural advance-
ments of different hybridization [73|. 2), Chirp modality can usually provide better imaging
performance than LT [152]. This method will be used for the composite specimens in Chapters
4 and 5. 3), A robotic micro-LLT will be developed for the purpose of fast detection. For this
purpose, a further study on dynamic thermography will be needed.
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