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ABSTRACT

There are numerous aspects and questions related to the use of composite materials for primary structures in
aircraft where the structural integrity is the most important factor. This is especially true if the main concerns
are that the material should have good reliability and durability for the primary structural application. Compo-
site laminates are highly sensitive to out-of-plane failure due to their low inter laminar fracture toughness. An
alternate method to increase the damage resistance is through three-dimensional fibrous reinforcement such as
through-the-thickness stitching with a single fiber as the thread. Recent studies have shown that the stitching of
standard laminates can enhance damage tolerance to levels obtainable with toughened resin systems. However,
for next-generation aircraft, material improvement alone is not enough to assure or increase the safety and re-
liability of the structure. Continuous damage monitoring during operation will become an important issue in
aircraft safety. Embed ding fiber Bragg grating (FBG) technology into the composite structure as strain sensors
could potentially solve the above problem because the FBG can be used to detect and characterize the damage
before it reaches a critical stage. The model used to represent this problem is a 6 x 6 Vectran stitched carbon/
epoxy laminate under tension loading, and the real-time monitoring using the FBG strain sensors is combined
with acoustic emissions that were conducted during the test. A numerical laminate theory using a rebar element
and first-ply failure criterion is performed to determine the preferred area on the specimen for the placement of
the FBG before manufacturing and testing. Experiments are presented to determine the damage growth that was
guantified with an ultrasonic (water immersion) c-scan. In this research, the FBG successfully detected and char-
acterized the damage in the carbon/epoxy stitch laminate caused in tension loading cases. The FBG is enhanced
with acoustic emission data and can quantitatively predict the damage growth.
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1. Introduction 2000, all-composite fuselages after the year 2000, and
entire airframes made from composites around 2010. Un-
fortunately, the progression in the usage of composites
strength-to-weight benefit. Composite airframes in com- d_id not meet thesg e_xpe(?tati_ons due tf? failure complexi-
mercial transport were progressing such that it was ex- ties that created difficulties in the certificate phase, even

pected to have wings made entirely of composites before though the trend in transport aircraft size and flight range
has been steadily increasing; for example, the Airbus

“Corresponding author. commercial plane as shown in Figure 1.

The use of composite materials in the aerospace industry
has increased in the past three decades due to their
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Evolution composite application at Airbus
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Figure 1. Composite application in commercial transport aircraft.

Failure in composites is not only influenced by the
type of loading but also by the fiber properties, the resin
properties, the stacking sequence of the plies, the residual
stresses, and environmental degradation. Failure is ini-
tiated at the local level in an individual ply or at the in-
terface between plies, but ultimate failure in multi-direc-
tional laminates may not occur until the failure has propa-
gated to several plies. However, the stresses in each ply
depend on the modulus of the ply and vary disconti-
nuously through the thickness of the laminate. Thus, de-
scribing the failure of the laminate as a mean stress av-
eraged through the thickness of the laminate is therefore
only accurate for a particular lay-up. The prediction of
failure in multi-directional laminates usually requires the
determination of strains and stresses for each ply in the
material axes for the ply. Ultimate failure is then pre-
dicted by monitoring the progression of failure through
the laminate. Different types of failure need to be as-
sessed when evaluating the strength of a laminate, includ-
ing matrix cracking, splitting, and first ply failure [1-4].

The prediction of through-thickness failure has proved
to be more difficult. This transverse failure occurs in the
matrix and is a failure of the resin in either shear or
tension. It depends on the total state of stress or strain in
the matrix, including the stresses introduced by the ma-
nufacturing of the component [5-8]. It is important to im-
prove the safety and reliability of composite materials
with complex failure mechanisms. One improvement me-
thod is to embed FBG strain sensors during the manu-
facturing process that can be used to monitor the damage
caused to the composite during operation. Another im-
provement method is to increase damage resistance with
three-dimensional fibrous reinforcement such as the
through-thickness stitching with a single fiber as threads
illustrated in Figure 2.
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Bobbin threads
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Figure 2. Stitched laminate sequential processes by Toyota,
Inc.

The main concept of the fiber Bragg grating (FBG)
implementation in a composite structure is to mimichu-
man neural networks. The Bragg wavelength (1g), which
is reflected, is defined by the Fresnel reflection according
to the following relationships (illustrated in Figure 3) [9,
10]:

A =2[1A @
A g = (1— p)(gm +aCAT)+amAT )

where TIT is the effective refractive index of the grating in
the fiber core and A is the grating period. Additionally,
AL = wavelength shift
Ag = base wavelength at test start
p = photoelastic coefficient (p = 0.22)
&, = mechanical strain

m
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Fiber Bragg grating

9 Micron diameter core

125 Micron diameter cladding

Core Refractive Index

n n3
NI N, 0, 5,8,5,8,1
n2
Spectral Response 2
A . A
Input Transmitted Reflected

Figure 3. Fiber Bragg grating optics and illustration of the
theory.

AT = temperature change in K

o, = coefficient of thermal expansion of the compo-
site

o, = coefficient of thermal expansion of the fiber
optic

The main purpose of the present research is to use an
FBG strain sensor to automatically detect damage in a
stitched laminate “system” and then to quantify the dam-
age with a non-destructive inspection. The specimen mod-
els are manufactured with the vacuum-assisted resin trans-
fer moulding technique using fully stitched unidirectional
carbon preforms. The primary focus of this report is to
summarize the qualitative empirical investigations of se-
lectively stitched 6 x 6 Vectran HT panels using a nu-
merical analysis scenario of the FBG placement. The
results of a tensile static test on the selectively stitched
panels are compared with the damage quantification and
growth as measured using a non-destructive test, spe-
cifically, an ultrasound c-scan. The paper is organized as
follows: Section 2 discusses the general material design
concepts; Section 3 introduces the methodology of the
numerical approach; Section 4 presents the empirical
approach in the static case; Section 5 presents the non
destructive inspection, and Section 6 presents the conclu-
sions.

2. General Material Design Concepts

One of the outstanding features of composite structures is
their ability to be tailored, through cross-plying, to match
individual loading or stiffness requirements. Therefore, it
follows that many types of different cross-plied laminates
are likely to be encountered in different applications. Each
of these laminates is unique in its properties and charac-
teristics and, hence, must be distinctly identified when-
ever it is to be associated with specific quantitative or
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numerical data. A laminate ply and orientation code has
been defined very well in laminate theory. After the se-
lection of the fiber/matrix material, the design process
concentrates on the lamination rationale: for a particular
cross-section of the structure, how many plies are re-
quired and what are their angular orientations and what is
the stacking sequence? Some have proposed that a stan-
dard quasi-isotropic (0/£45/90) laminate be used in the
majority of structures, but this approach diminishes the
primary advantage of advanced composites: their highly
specific directional properties. There exists no universal
lamination geometry that effectively satisfies the variety
of loading requirements. The lamination geometry must
be determined based on the stress state (i.e., magnitude,
direction, and combined biaxial and shear) and the strength
and/or stiffness requirements to realize the potential struc-
tural efficiency of composites. The stiffness requirements
may be based on laminate buckling (flexural), static struc-
tural deformation (in plane), or aeroelastic restraints, e.g.,
flutter. The degrees-of-freedom of both the material prop-
erties and the design restraints should be sufficient such
that a systematic approach to determine the lamination
geometry is possible.

In this research, the quasi-isotropic lay-up was se-
lected because the FBG will be used to detect damage in
a material system, and the FBG is expected to detect and
quantify the total damage in the laminate with varying
layer orientations. The FBG is also expected to fail adja-
cent to the location of the total laminate failure to obtain
the spectrum behavioral relationship between the FBG
reading and the mechanical behave or. The FBG place-
ment is described in detail in Chapter 3.

Material and Specimen Preparation

The specimens were made using 20-ply quasi-isotropic
[45/90/-45/0,/45/90,/-45/0] unidirectional carbon fiber
T800SC-24K (Toray Industries) and stitched along the
through-thickness direction with a stitch pitch (distance
between two adjacent stitches in the same row) and stitch
space (spacing between two adjacent stitch rows) of 6
mm. The laminate had the following mechanical proper-
ties: o, =1721 MPa, o, =1000 MPa, 7, =105 MPa,
E, =132.66 GPa, E, = 12.06 GPa, G, = 3.72 GPa,
and v, = 0.36. The stitch material had the following
mechanical properties: E, =72 Gpaand v, =0.3.
The type of stitch used in this study is the modified
lock stitch, made by Toyota, Inc., which avoids disruption
to the laminate from any interior looping processes be-
tween the bobbin and needle threads; it is also easier to
observe the interlock region between the needle and bob-
bin thread at the face of the laminate with this particular
stitch. The fabrication of dry preforms involves the lay-
up and selective stitching of fabric layers with Vectran
HT threads by Kuraray Inc. A 400-denier Vectran HT
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thread was selected for the stitching and for the bobbin.
The selective stitching processwas done on a Toyota, Inc.
machine with a working platform capable of handling up
to 30- x 30- x 2-cm preforms. Bleeder plies were placed
atthe center where two vacuum ports were to be located.
A rectangular steel framecovered with a porous ply was
inserted to keep the vacuum ports and the bleeder plies
apart to avoid resin flow into the vacuum ports. Air
weave breathers were used to cover the topside, and the
entire as sembly was vacuum bagged with the edges
sealed with a sealant tape. After attaching two vacuum
lines, a leak test was performed, as shown in Figure 4.
After the stitching process, the resin transfer molding
technique, at a curing temperature of 180°C, was used to
consolidate the composite. The resin used in this case is
RTM6 made by Hexcel.

An FBG was embedded in the interface between ply
no.8 and ply no.9. This area was chosen because it will
become almost closed in the case of total failure. The
FBG had a grating span of 15 mm and was made using
Fujikura Optical Fiber with @ 125 um.

3. Finite Element Modelling
3.1. Methodology

A finite element model of a stitch laminate was devel-
oped using the finite element code of ABAQUS. To
determine the mechanical behavior accurately, including
the interface load transfer between the stitch and the
host/laminate, three-dimensional modelling was required,
where the pair contact between the stitch to laminate was
modelledrebar material. Finite element analyses of non-
conventional laminate such as with additional through-
the-thickness stitching with a single fiber as the thread
requires adequate methods to characterize the highly
anisotropic behavior induced by cords in normal direc-
tion orientation embedded in a host material, laminate as
shown in Figure 5. A typical example of this class of
structures is usually used in automobile tires analysis.
Currently most numerical analyses of cord-reinforced
composite materials are based on theories and techniques
originally developed for laminated fibrous composites,
with several arbitrarily oriented cords/threads and the host

WVacuum
pressure

Resin inlet Vacuum bag

Flow media

Vacuum
Peel ply
FBG i
Laminate

Flow media

Bag-sealant

Figure 4. VaRTM sketch.
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Figure 5. 3D modelling of cord-reinforced composites using
rebar-elements.

material being represented within one single finite ele-
ment on the basis of an anisotropic constitutive law. An
alternative computational approach on the basis of so-
called rebar elements which previously has been suc-
cessfully applied in computational mechanics of rein-
forced concrete structures in the context of the infinite-
simal theory, see, e.g., Mang and Meschke (1991), turned
out to be remarkably effective in finite strain analyses of
cord-reinforced rubber composite material, e.g., Heln-
wein et al. (1993). This technique completely circum-
vents the drawbacks associated with “averaging formu-
lations™ without significant additional computational ef-
forts. In particular, it provides a mechanically proper des-
cription of the different constituents in the framework of
large strain theories.

For the element modelling, the laminate was modelled
using an 8-node quadrilateral in-plane continuum shell
with hourglass control and multiple elements in the thick-
ness direction, which improves the performance of the
elements in bending. The stitching thread was modelled
using 8-node linear bricks with hourglass control, which
produced a more accurate representation of the curved
surface. Symmetry was assumed along the length of the
specimen model and the model thus was reduced to a
half model to reduce the computational time. The ana-
lyses were performed with a tensile load applied to one
end of the joint, which was free to move in the longi-
tudinal (x) direction only (u,u, = 0). The opposite end of
the joint had clamped boundary conditions (u,uyu, = 0).

3.2. Rebar-Elements; in General

Rebar elements [11,12] may be characterized as “overlay”
elements that represent one or more cord layers with ar-
bitrary orientation in conjunction with corresponding
elements representing the matrix material as shown in
Figure 6. The matrix element and the “overlay” element
share the same nodal points. Therefore, no additional
degrees of freedom are introduced. A recent paper by
Helnwein et al. (1993) demonstrated, that this well known
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methodology which has been employed successfully in

computational mechanics of reinforced concrete struc-

tures is well suited for the analysis of reinforced compo-
site materials when extended to the large strain regime.

This approach possesses a number of desirable features

when compared to standard models based on techniques

developed for laminated fibrous materials:

v The different components-several unidirectional la-
minae and the matrix material-are represented com-
pletely separately. As far as the cord layers are con-
cerned, formulations of the Neo-Hookean type with
different material parameters for different layers within
one element may be applied. Consideration of micro
buckling or of plastification of the cords does not
constitute any additional difficulties.

v Several cord layers may be represented within one
single element without inducing any additional dis-
cretization error. This makes the use of rebar ele-
ments particularly efficient in large scale 3D analyses.

v’ Experimentally obtained material parameters of the
individual components may be used directly as input
parameters for the analyses.

v The (true) stress state is obtained separately in the
different plies and in the matrix material, respective-
ly.

The geometry of the rebar layers is defined in the con-
text of 3D isoparametric elements, characterized by the
map

X! =;1NA(§)XA

Where X!, X* are the interpolated and the nodal
coordinates in the reference configuration, respectively,
N, (&) are the shape functions, and &7 =[&,,7] are the
natural coordinates in the isoparametric domain and N is
the number of nodal points in the element. Figure 6(a)
contains the geometry of the cord layer in the host ele-
ment, Figure 6(b) illustrates the corresponding configu-
ration in the isoparametric mapping. The numbers 1, 2, 3,
4 denote the integration points in one layer. The spatial
position and direction of the rebar fibres is defined for
each layer in the isoparametric domain at # integration
points by the values & and T,.

Which are input by means of a subroutine &, denotes
the distance of the rebar fiber from the middle surface of
the element at each integration point n. The spatial posi-
tion of a rebar layer within the element is then defined by
the shape functions N, as;

¢, («s,N):g Nos (27

In the present context, the geometry of a rebar layer is
approximated by a bilinear form defined in the isopara-
metric parent element, with the natural coordinates of the
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(b)

Figure 6. Typical rebar layer in a 20-node isoparametric
element. (a) Geometry in the host element; (b) Geometry in
the isoparametric domain.

integration points.
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And the shape functions N, g given as;
N, =5 B -2) (V30 -1),
N, :_%(@H)(@_l)
N =%(\/¥+1)(\/§+1),
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3.3. Numerical Results of the Laminate Theory

The stress distribution results within laminate based on
the above theory can be seen in Figure 7, while stress
distribution within the stitch can be seen in Figure 8.

The Tsai-Hill failure criterion, an interactive maxi-
mum stress criterion, can be applied to the above results
to determine which ply failed first. The Tsai-Hill failure
criterion predicts failure when any one of the ultimate
(vield) strength values exceeds the corresponding allow-
able stresses in a principal axes direction. Thus, to ensure
a safe design, the following inequalities must be satisfied
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where the guantities X and Y are the tensile and compres-
sive yield strengths of the material, respectively, and S is
the corresponding shear strength. We may then draw the
conclusion that the first failure occurred in Ply 2, the
second failure in Ply 7, and the third failure in Ply 8.
Therefore, the FBG was placed between Ply 8 and Ply 9
to acquire as much spectrum data as possible before the
total failure of the specimen.
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Figure 7. Off-axis stress distribution within stitch laminate.
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Figure 8. Stress distribution within stitch laminate.
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4. Empirical Approach in the Static Case
Experimental Procedure

Before conducting the test, the specimen was fabricated
with the configuration shown in Figure 9. The FBG was
placed between Ply 8 (90°) and Ply 9 (45°) for reasons
explained with the numerical scenario in the previous
chapter. The position of the FBG in the micro-structure
can seen in Figure 10. During the static test, the FBG
optical fiber was lit with a broadband light source (ASE
FL7002, 1530 - 1610 nm, Fiber Labs) using a Fujikara
arc splicer fiber optic weld-join device. The power spec-
trum was measured from the reflected light in the FBG
sensor, which was embedded inside the stitch laminate.
The losses after the fiber optic joining were 0.00 dB,
indicating a perfect joining result, as shown in Figure 11.
The spectrum reflection was measured using an optical
spectrum analyzer (MS9710C, Anritsu Co.). The inter-
rupt load test was also performed to gather data for com-
parison with non-destructive inspections that used a C-
scan to determine the degree of damage. The interrupt
test was used to simulate real conditions such that the
loading-unloading conditions represented operating-
grounded conditions. This type of test can also determine
the effects of changes in the load distribution and stress
concentration during loading.

>

Figure 10. The micro-structure of the specimen model.
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Figure 12 presents the experimental arrangements.
The tensile test was conducted using a universal testing
machine (Instron 8802). The crosshead speed was 1
mm/min for the FBG and AE test profiling, up until the
specimen experienced total failure; the crosshead speed
on the interrupt load test was 0.5 mm/min to acquire
more data. The span length of the tensile test was 160
mm. A non-contact strain sensor, an advanced video ex-
tensometer (AVE), was used to monitor the axial strain
behavior on the stitch laminate specimen to clarify the
accuracy of the universal testing machine. The spectrum
reflection was continuously measured until the specimen
broke. After that point, an interrupted test at a certain
load interval was conducted to observe the damage growth
with FBG interrogation under loaded and unloaded con-
ditions. The specific load for the interrupted test was cho-
sen based on the load-displacement curve and from the
changes in the spectrum reflection, which indicated that
damage had initialized. The loading-unloading condition

Figure 12. Tensile, AE, and spectrum analyzer test setups.
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was used to represent real conditions when the damage
occurs in aircraft structures. The evolution of the shape
of the reflected spectrum was observed using a spectrum
analyzer, and damage was observed using an ultrasonic
c-scan (Gsonic scan 6A x 600).

Figure 13 shows the spectrum pattern from the FBG
reading. The figures, reading from left to right, are as
follows: the FBG spectrum in the original signal, the
spectrum without the FBG, the evolution of the FBG
spectrum when damage occurred, and the evolution of
the spectrum when almost all the grating periods of the
FBG are broken. When the last case occurs, the spec-
trum pattern converges to a spectrum pattern without the

FBG.

Figurel4 shows the load versus strain combined with
the hit versus strain. A hit is a result of a transient energy
wave generated by damage growth inside the stitch la-
minate specimen in the acoustic emission test. Certain
load positions that were chosen as the interrupt load
based on significant spikes and multi-peaks in the power
spectrum occurred, and Figure 15 indicates that the
energy versus load graph and the hit versus load graph
have the same trends and almost the same values. Thus,
the AE test shows that determining if a value calculated
from the energy wave generated by the damage growth
and spectrum hit a prescribed threshold was correct.
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Figure 16 shows the spectrum pattern evolution dur-
ing the load run from the FBG reading in a tensile test up
to the breakage of the specimen. The occurrence of mul-
ti-peaks or patterns that differ from the original indicate
the occurrence of damage. The spectrum evolution has a
constant pattern, especially in the power reflection value.
The value has a tendency to decrease gradually until the
failure of the stitch laminate specimen. We can take ad-
vantage of this pattern and use the highest peak in each
spectrum as an indicator to make graphs and then deter-
mine the degradation of the strength of the material. We
can then compare the result with a mechanical behavior
graph. The above-mentioned pattern also consistently
occurs in the interrupt load test, as shown in Figure 17.
The un-loading spectrum data is shown in Figure 18. An
example of interesting behavior is that the FBG broke at
almost the same time as the stitch laminate specimen in
unloading spectrum shape 6. In that spectrum, the spec-
trum pattern has the same shape as the spectrum without
the FBG inside the fiber optic, indicating that the entire
grating period was already broken.

Figure 19 shows the simplification of the spectrum
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Figure 17. Spectrum evolution in the interrupt load test.
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evolution during the profiling tensile test in graph form.
The graph can be made by taking advantage of the con-
sistency of the spectrum evolution during the test; it then
depicts more clearly the decreasing tendency of the pow-
er spectrum based on the highest peak value during both
the profiling data (until specimen failure) and the inter-
rupt load test (small window in the graph).

Figure 20 plots the mechanical loading and the power
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Figure 18. Spectrum evolution in the unloading data.
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Figure 19. AE result in the profiling tensile test compared
with the interrupt test.
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Figure 20. Power reflection of the FBG reading compared
with the mechanical behavior.
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spectrum versus the strain. After the strain in the stitch
laminate reaches approximately 0.92%, the graph of the
spectrum evolution behavior has a gently sloping line,
indicating that the grating period of the FBG is almost
broken due to severe damage inside the stitch laminate.
On the other hand, the mechanical graph does not display
the damage existence and growth, indicated by a straight
lineup until the specimen fails completely.

Figures 21 and 22 show the comparative behavior
between the FBG reading and the acoustic emission read-
ing. Both graphs feature lines with significant slopes,
which is caused by fast damage growth. However, based
on the spectrum observed during the test, the spectrum of
the FBG was easier to use as damage indicator because
only one spectrum was needed to interpret the damage
initiation and the growth. On the other hand, in the
acoustic emission reading, there were so many transient
energy waves generated by the occurring damage growth
that a detailed analysis was to interpret the correlation
between the energy wave occurrance with damage beha-
vior inside the specimen model.
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Figure 21. Power reflection of the FBG reading compared
with AE: hit characteristic and mechanical behavior.

5. Non Destructive Inspection: Quantifying
Damage

FBG strain sensors provide two data readouts in the
spectrum analyzer: power reflection and wavelength. The
wavelength equation has a linear relationship with the
mechanical strain, as indicated by Equations (1) and (2).
If the material or structure in which the FBG is embed-
ded suffers damage that causes a non-linear mechanical
strain response, Equations (1) and (2) cannot be used.
However, if the response through the length of the FBG
grating period is still uniform, the linear equations can
still be used. The power reflection is used to measure
whether the materials or structures have been damaged
enough to cause the FBG grating length to become non-
uniform. This measurement is marked by a multi-peak
occurrence of the power reflection.

Figure 23 shows the setting of the ultrasonic c-scan
inspection for the quantification of damage after conduct-
ing a mechanical test. Special techniques and tuning pro-
cedures were applied for the ultrasonic inspection of the
various specimens. As is commonly done, the distance
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Figure 22. Power reflection of the FBG reading compared
with AE: energy characteristic and mechanical behavior.

Figure 23. Ultrasonic c-scan inspection.
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between the transducer and the material (water path) was
set at the end of the near field value of the transducer that
was used (which is 25 mm) to avoid the fluctuation of the
acoustic pressure that takes place in the near field zone.
A steel plate, on which the specimens were placed, was
used as a reflective plane to distinguish the back wall
echo from any other echos. A linear Distance Amplitude
Correction (DAC) curve was used to increase the ultra-
sonic signal amplitude, thus reducing the causes of the
signal losses to factors such as scattering, absorption, etc.
The gates were synchronized with the first echo from the
specimen, and the detection threshold was adjusted to a
value that was greater than 50% of the Full Screen Hei-
ght (FSH), avoiding the generated noise echoes.

Figures 24-29 show the ultrasonic c-scan results from
the interrupt load test. Two projection views are provided
in the right and on the bottom of the surface/main view to
reflect the damage condition inside the stitch laminate
specimen in detail. Theoretically, the damage will start in
ply no.2, near the surface, but in this case, the damage
clearly initiates at the location of the FBG. One of the
reasons this occurs is that the FBG coating was not com-
patible with the resin used. Thus, it is important to de-
termine another coating of FBG that is suitable with the
resin used to prevent the FBG from creating an impurity
in the material system. Therefore, the damage that starts

in the area near the FBG placement will then develop in
the weakest area near that location and start to grow in
the area near surface, as shown in Figures 27-29.

Figure 30 overlays the damage quantification from the
power reflection with the FBG reading and the load ver-
sus the percentage of damaged area. The graph demon-
strates how the multi-peak power reflection occurrence
quantifies the damage growth in the specimen model
with tension loading. By noting the highest peak after the
occurrence of the multi-peak power reflection, we can
see a correlation between the multi-peak spectrum and
damage growth. Conversely, a steep line on the graph
indicated many damage sources in stitch laminate with
producing many rich resin area around threads which
creates a crack initiation as shown in Figure 30(b).

Figure 31 overlays the power reflection from FBG
reading and the accumulative hit from the AE reading
versus the percentage of the damaged area. In principal,
both techniques can be used to detect and quantify dam-
age, but the FBG technique is superior because only re-
quires a single spectrum to characterize the damage,
while AE depends on the test setting to determine the
many spectrums that reacher the threshold set during the
damage growth. Thus, different test settings may produce
different results.
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Figure 25. Interrupt test 2.
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Figure 29. Interrupt test 6.
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Figure 30. Damage quantification based on the FBG reading and mechanical behavior.

6. Conclusions

The behavior of a stitch laminate has been demonstrated
by numerical and empirical approaches, using FBG sen-
sors and with additional comparisons with acoustic emis-
sion readings. The continuous monitoring of damage using
FBG has also been demonstrated. Numerical and empir-
ical approaches have become crucial to determine the
proper placement of the FBG. As a result, the behavior of
the model and its tendency to create damage must be un-
derstood before the fabrication of the specimen models in
order to avoid misreadings.

OPEN ACCESS

We conclude that the FBG can detect initial damage
and its subsequent growth properly, as proven by empir-
ical data. The occurrence of damage to the specimen
models can be characterized by the FBG by the occur-
rence of multiple peaks in the power reflection. The dam-
age growth can be successfully quantified by FBG read-
ings by knowing the decreasing trend of the highest peak
during the occurrence of the multi-peak spectrum. It is
also important to determine the coating material of the
FBG optical fiber to avoid incompatibility with the resin
used in the stitch laminate system during fabrication.
Additionally, acoustic emission readings can be used to
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Figure 31. Damage quantification based on the FBG reading and AE characteristic.

detect and quantify the damage, but FBG has the advan-
tage in that its data involve only a single spectrum and
are therefore simpler.

With the above-mentioned considerations, it is neces-
sary to continue research on a proper coating of the FBG
optical fiber and on various stitch densities in the lami-
nate to enrich the available data.
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