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Abstract

Small-diameter fibre Bragg grating sensors were embedded in liquid crystalline polymer-lined carbon fibre-reinforced
plastics to detect internal microscopic damages that are barely visible in operation. The coupon specimen caused matrix
cracks and liner debonding under tensile loading, which represented distinctive damages in a composite overwrapped
pressure vessel. The reflection spectra from the fibre Bragg grating sensors were measured in the loading—unloading
tests. As the number of matrix cracks increased, the width of the spectrum gradually increased. The change in the
measured results were validated by spectra simulated using the axial strain distribution in the fibre Bragg grating sensor.
Moreover, the influence of damage morphology on the reflection spectrum was investigated on the basis of the analytical
results for both embedded and surface-bonded fibre Bragg grating sensors. The embedded fibre Bragg grating sensor was
less sensitive than the surface-bonded fibre Bragg grating sensor for distinguishing among the damage modes, such as
matrix cracks, liner debonding and liner failure. The effectiveness of strain-based monitoring using fibre Bragg grating
sensor was demonstrated for evaluation of the microscopic damages in polymer-lined carbon fibre-reinforced plastics.
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Introduction

Carbon fibre-reinforced plastic (CFRP) laminates are
indispensable materials for use in liquid propellant
tanks, which is accounted for most of the structural
weight in space transportation systems. Liquid nitrogen
(—253.5°C boiling point) and liquid oxygen (—183°C
boiling point) are often used as propellants. The appli-
cations of CFRP cryogenic tanks have been studied for
over the past two decades.® Although the required
pressure is low compared with general purpose high-
pressure vessels, a CFRP tank is exposed to cryogenic
temperatures. Moreover, because the curing tempera-
ture of high-performance CFRP is approximately
180°C, a difference in the thermal expansions of
carbon fibres and resins evolves non-negligible thermo-
mechanical stresses, which were also influenced by the
cure shrinkage and vitrification, and tool-part inter-
action. These stresses facilitate the onset and accumu-
lation of matrix cracks. An important issue related to

cryogenic CFRP tanks is the fuel gas leakage that
occurs via microscopic damages, such as matrix
cracks, fibre/matrix debonding and delamination.'®'®
This intractable problem has spurred the research and
development of composite overwrapped pressure ves-
sels (COPVs), such as a non-structural thin liner
wrapped with CFRP.

Many studies report the use of an aluminium liner
for COPVs, whereas other studies have involved the
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Figure 1. Schematic of the CFRP specimen lined with LCP film. (a) Overall dimensions and (b) Cross-sectional view around

embedded FBG sensor.

application of polymer films to achieve lighter weight
COPVs.'"% Our group has previously used various
polymer films as liner materials in CFRPs to investigate
the relationship between microscopic damages and the
mechanical properties of the plastics.?' The results indi-
cated that although the appropriate combination of
polymer films and CFRPs prevented liner failure
under tensile loading, it caused matrix cracks
and liner debondings. Such damages are difficult to
avoid when a typical CFRP is selected as a structural
material for use in COPVs. Consequently, the struc-
tural health-monitoring technology offers a practical
solution to assure the structural integrity of the
CFRP tank.

One of the most commonly used and broadly
deployed optical sensors is the fibre Bragg grating
(FBGQG), which has been frequently used for monitoring
of COPVs.?>?* The FBG sensors have been mainly used
for acoustic emission (AE) monitoring and strain moni-
toring. AE monitoring has high sensitivity to progressive
damage, whereas strain monitoring is straightforward
because the results can be compared with those from a
structural analysis of the COPV. We believe that the
strain-based monitoring is desirable if it can reliably
evaluate the damage accumulation in COPVs. The
embedding of the FBG sensor in CFRP laminates has
been demonstrated to be an effective approach for
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Figure 2. Relationship between maximum strain and number of
cracks during load—unload tests.

Transverse matrix cracks

Figure 3. Optical micrograph of the edge of the specimen.
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detecting microscopic damages, such as matrix cracks
and delaminations.>> 2’ Thus, in this study, we focused
on monitoring of microscopic damages in inner surface
lined CFRP tanks using a small-diameter FBG sen-
sor that was developed to be embedded without
adversely affecting the strength of the host material.
The embedded FBG sensor was used in CFRP cross-
ply laminates lined with liquid crystalline polymer
(LCP) film; we also used this polymer lined composite
in our previous study.’!

Table I. Mechanical properties of the carbon fibre-reinforced
plastic (CFRP) and liquid crystalline polymer (LCP).?'

CFRP LCP

Elastic moduli (GPa) E, 157

E, 8.9 7.6

G, 48
Poisson’s ratios Vi 0.35

V23 0.45 0.3
Coefficients of thermal expansion o -0.5 I

(x 1076 K™ @y 225

Experiment programme
Small-diameter FBG sensors

FBG sensors have a periodic variation in the refractive
index along a certain length of a single-mode optical
fibre. When a broadband light is launched into the
FBG sensor, it reflects a narrowband light. The centre
wavelength of the reflected light, A, is given as follows
A=2nx A (1

where n and A are the average refractive index and
the grating period, respectively. When an axial strain,
&1, and two transverse strains, & and &3, are applied to
the FBG sensor, the n and A are expressed as follows

3
"
2

2

&+ &3
n=ny—

[P1281 + (P11 + P12) 3

A =(1+e)Ao (©)

In these equations, ny and A are the initial average
refractive index and the initial grating period at a

LCP
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Figure 4. Contour plots of the strain along the carbon fibre direction of the 0° ply. (a) A single transverse crack (b) A single crack
with liner failure and (c) A single transverse crack with liner debonding of | mm.
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strain-free state, respectively, and P;; and P, are
Pockel constants. When a uniform strain is applied to
the FBG sensor, the reflection spectrum shifts while
maintaining its original narrow shape because n and
A are also uniform along the entire length of the
sensor. However, the spectrum is highly sensitive to
non-uniform strains.”® The form of reflection spectrum
will change depending on non-uniform strains induced
by damages in composites.”” !

Small-diameter FBG sensors (Hitachi Cable, Ltd.)
have been reported to prevent strength deterioration

Table 2. Optical properties of the small-diameter fibre Bragg
grating (FBG) sensor.2®

Pockel constants Py 0.113
P> 0.252
Initial average refractive index no 1.454
Initial grating period (nm) Ao 535.84
Index modulation A, 52x107*
Refractive index of cladding Ny 1.444
Crack
(a) 0.12 T T —e— Crack
' —+&— Crack + Liner failure
: —— Crack + Debonding
1
Debonding €———>
0.08
S
£
S 0.04
n
0
(b)
12 T T T T T
Crack Crack + Liner failure Crack + Debonding
=z T i
2
|5 0.8 - -
£
S 06| 4
o]
N
© 04Ff 4
£
o
= 0.2 | -
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when embedded in CFRP laminates.>” Thus, in this
study, we used the embedded small-diameter FBG
sensor to detect microscopic damages in polymer-lined
CFRP laminates. The small-diameter FBG sensors were
fabricated in small-diameter optical fibres coated with
polyimide. The core and cladding diameters were 6.5 pm
and 40 um, respectively. The outer diameter of the poly-
imide coating was 52 um. The length of the grating was
20mm, and the grating period was approximately
0.5 um. The profile of the refractive index modulation
was controlled as a cosine function to suppress the side
lobe of the reflection spectrum. The monitoring system
was composed of a circulator, an ASE light source
(ASE-FL7002, Thorlabs, Inc.) and a spectrum analyser
(MN9674A, Anritsu Corporation).

Specimens and load—unload tests

The materials were a unidirectional CFRP prepreg
(IM600/#133, Toho Tenax Co., Ltd.) and an LCP film
with a thickness of 50 um (Vecstar-FA50, KURARAY
CO., LTD.). The prepregs with one LCP film were co-
cured at 180°C for 2h in an autoclave. The stacking
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Figure 5. Influence of the damage morphology for the
embedded FBG sensor. (a) Strain distribution in the FBG sensor
and (b) Reflection spectra.

Figure 6. Influence of the damage morphology for the
surface-bonded FBG sensor. (a) Strain distribution in the FBG
sensor and (b) Reflection spectra.
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Figure 7. Schematic of the crack growth in the upper 90° ply in the specimen. The numbers indicate the distance of the crack from

the left-side edge in the FBG sensor.

sequence was [LCP/90,/04/90,], which was sufficient for
the purpose of this study, although the prepreg/film
laminate was not entirely symmetric about the thickness
direction. The dimensions and cross-sectional view of a
test specimen are shown in Figure 1. The optical fibres
were embedded into the 0° ply in contact with the 0°/90°
interface in the specimen. The FBG of 20 mm gauge
length was placed at the centre of the specimen.

The load—unload tests were performed under displace-
ment control at a rate of 0.25mm/min. The strain was
evaluated using an extensometer with a gauge length of
25mm and a travel distance of —2.5 to Smm (634.12,
MTS Systems Corporation). The test was stopped at a
pre-determined load level, and the test specimen was sub-
sequently unloaded and released from the testing machine.
The reflection spectra of the FBG were measured using a
spectrum analyser. Transverse cracks of the 90° ply were
observed from the edge of the specimen using an optical
microscope because in our previous study, using the same
specimen configuration, we observed that cracks pene-
trated through the overall width of the specimen.?' The
range of the observation corresponded to the embedding
location of the FBG. After the observation, the test was
repeated several times until the final failure of the specimen.

Results and discussion
Experimental results

The relationship between the maximum strain and the
number of cracks during the load—unload tests are

shown in Figure 2. With an increase in the applied
strain and the number of cracks, the stiffness of the
specimen decreased gradually. Figure 3 shows micro-
scopic damages in the specimen by optical microscopy.
The transverse cracks were only observed in the upper
90° ply because the bonded LCP film involved larger
thermal residual tensile stress in the ply than that in the
lower 90° ply. This result indicates that the coefficient
of thermal expansion (CTE) of the LCP film would be
smaller than that of the 90° ply in the CFRP, given that
their stiffnesses are similar. The liner debonding was
approximately 1 mm for almost all the crack tips, as
observed from the appearance of the specimen.

Influence of damage morphology on the reflection
spectrum from FBG sensors

Before verifying the experimental results, we investi-
gated the influence of damage morphology on the
reflection spectrum by simulating the spectrum. Finite
element analysis was performed using the commercial
software ABAQUS to obtain the axial strain distribu-
tion in the FBG sensor. The FBG sensor was omitted in
the model because the strain in the CFRP has been
previously demonstrated to be similar to the axial
strain in the embedded FBG sensor.>® The entire spe-
cimen was modelled using 2D solid elements under
plane strain conditions. The analyses were for a single
transverse crack, a single transverse crack with liner
failure and a single transverse crack with liner debond-
ing of I mm. All the damage types were represented by
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Figure 8. Contour plots of the strain along the carbon fibre direction of the 0° ply. The display range corresponds to the
square-shaped area in Figure 7. (a) 0.69%, (b) 0.77%, (c) 0.85% (d) 0.93% and (e) (e) 1.01%.

duplicate nodes in each model. The material properties
used in the analysis are summarized in Table 1. The
CTE of the LCP was assumed to be 1x10°K™'
because it is smaller than that of the 90° ply in the
CFRP and is typically a positive value for polymers.
A temperature change from 180°C (cure temperature)
to 25°C (room temperature) was used in the model.
Figure 4 shows a contour plot of the strain along the
carbon fibre direction of the 0° ply. The strain

concentration area changed depending on the damage
morphology. An axial strain distribution in the FBG
sensor was obtained by the strain outputs of the elem-
ents at the same location as the sensor. The reflection
spectra were simulated by commercial software
“IFO Gratings” (Optiwave Corporation) which solves
couple mode equations with transfer matrix method.
The properties of the FBG sensor used in the simula-
tion of the spectrum are summarized in Table 2.
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Figure 9. Changes in the reflection spectra during load—unload
tests. (a) Measured spectra and (b) Calculated spectra.

The influence of the damage morphology on the axial
strain distributions and corresponding spectra are
shown in Figure 5. There is no x-axis in the graph of
the reflection spectra because the three spectra were
included in one graph by shifting the wavelength of
the spectrum. The intensity of the reflection spectrum
was normalized by the intensity of the highest compo-
nent. The transverse crack changed the shape of the
spectrum from a simple single peak to a split single
peak. However, in the case of liner failure or debond-
ing, the shape of the spectrum deformed only slightly
because the shape of the strain distribution was very
similar for all analyses. This result indicates that the
embedded FBG sensor can detect the transverse crack
but has difficulty in distinguishing each damage mode.

If the FBG sensor was attached to the surface of the
LCP film, where the strain changed substantially
because of the damages, the damage modes would
likely be distinguishable. The influence of the damage
morphology on the analytical results for the surface-
bonded FBG sensor was investigated, as shown in
Figure 6. The different shape of the strain distribution
for the analysis directly reflected the change in the
shape of the spectrum. This monitoring method using
a surface-bonded FBG sensor is effective in damage
classification; however, to enable its practical use, intro-
ducing the FBG sensor to the inner surface of the liner

and ensuring the reliability of the adhesive bond are
critical problems that must be overcome.

Verification of measured results by simulated
reflection spectra

The observed crack locations in the range of the
embedded FBG are summarized in Figure 7. As the
maximum strain was increased, a new crack emerged
between the cracks. The number of cracks shown in this
figure corresponds to that shown in Figure 2. The strain
distribution was calculated by finite element analysis
using the crack location results. Although liner debond-
ing increased at almost all the crack tips, we ignored it
in the analysis because of its small influence on the
shape in the spectrum. Figure 8 shows the strain distri-
butions around the central part of the FBG. The loca-
tion of strain concentration in the FBG sensor
corresponded to the location of cracks in the upper
90° ply. The spectra were simulated on the basis of
the strain distributions and the results were compared
with the measured spectra, as shown in Figure 9. The
shape in the calculated spectra at 0% and 0.60% max-
imum strain should be purely one peak because there
are no matrix cracks in the analysis. Nevertheless,
the corresponding measured spectra were distorted by
the non-uniform strain distribution due to a slight mis-
alignment of the embedded FBG sensor. As the max-
imum strain and the number of cracks increased, the
widths of both the measured and calculated spectra
increased. These changes could be used to indicate an
increase in the number of matrix cracks in inner surface
lined CFRP tanks.

Conclusions

Strain-based monitoring using an embedded small-
diameter FBG sensor was applied to LCP-lined
CFRP laminates at an ambient temperature. The
larger mismatch of CTEs causes the larger thermome-
chanical stresses between the plies at a cryogenic envir-
onment, which would trigger matrix cracks at an earlier
stage. The monitoring technique is able to use screening
process or detection of barely visible fatigue cracks in
COPVs. An increase in the width of the spectrum from
the FBG sensor indicated an increase in matrix cracks;
this correlation was validated by the calculated results.
The influence of the location of the FBG on the reflec-
tion spectrum was investigated analytically. The sur-
face-bonded FBG sensor indicated the potential to
distinguish among damage modes, such as matrix
cracks, matrix cracks with liner failure, and matrix
cracks with liner debonding. However, the embedded
FBG sensor was used without ensuring the reliability of
the adhesive bond, which would be required for its
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practical use. The installation position of the FBG
sensor should be decided by the pre-analysis of whether
the spectral change due to envisioned damage modes
can be detected under the usage environment.
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