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This paper reports on an epoxy matrix for glass fibre reinforced polymers equipped with low cost optical fibre
sensors for the early detection of water diffusion, with devised applications in the oil and gas industry. Novel
evanescent wave optical fibre sensors were designed, fabricated and embedded in epoxy resin samples. The tips
of the optical fibre sensors were coated with a silver layer to work in reflection, so that they could be used as
probes. Accelerated diffusion tests were performed: the samples were exposed to simulated sea water at 80 °C for

up to 148 h. The water diffusion resulted in a remarkable change of the reflected signal from the sensors, a result
that was then confirmed through gravimetric measurements and a theoretical prediction, according to Fick's
diffusion law. The results corroborate the feasibility of “sensitive” fibre reinforced polymers in harsh environ-
ments and that chemicals diffusion in these materials can be remotely and continuously monitored by means of

the presented sensing system.

1. Introduction

Glass Fibre Reinforced Polymers (GFRPs), being light and corrosion-
resistant, are a key candidate for application in the harsh environments
found in the aerospace, marine and oil and gas industries [1]. These
materials are used extensively in oil pipes, as they are less expensive
than steel pipes, due to their lower processing temperatures and ma-
terial costs. GFRPs represent a viable alternative to steel or corrosion
resistant alloys, but there is still a lack of information on their de-
gradation rates and degree of cracking as well as a lack of risk analysis.
GFRP pipes and components may be subjected to severe environmental
conditions, in terms of temperature, pressure and fluid exposure [2].
The diffusion of sea water and moisture through the composite thick-
ness represents a challenging technological issue [3,4] that should be
tackled at its early stage, in order to prevent long-term damage and
expensive replacement strategies. The early stage detection of water
diffusion should be accomplished by a continuous-monitoring system
with some specific features: remote operation, safety, minimum inva-
siveness and low cost.

In the oil and gas industry, conventional electric-based sensors may
suffer from remarkable limitations, in terms of remote operation and
embedding. For instance, water absorption of a GFRP pipe could be
monitored by measuring the resistivity of the GFRP with low cost

* Corresponding author.
** Corresponding author.

integrated circuits [5], but their digital output would need to be
readable within a few tens of cm, which in turn would limit remote
operation. Moreover, embedded ~1 mm diameter electric probes could
affect the mechanical properties of the polymer matrix. An extended
version of the resistivity measurement is the electrical impedance
spectroscopy, which has recently been investigated as a tool for mon-
itoring the moisture diffusion in GFRPs [6] However, the limited cap-
ability of remote interrogation and electric-related issues are limiting
factors that could be overcome using optical fibre sensors.

The problem of continuous monitoring of the ageing/degradation of
GFRPs not only occurs in real situations, it is also a challenging issue for
companies that perform material testing. They normally run the tests
(e.g. diffusion of chemicals, pressure/thermal tests etc.) in dedicated
machines, where access to the sample is not allowed, and changes in the
material characteristics can only be detected through subsequent in-
spections and testing [7]. In these cases, it would be advisable to endow
the sample with sensors that could be interrogated:

® remotely,

® in real-time,

e without the need of power supply, visual or wireless access,

e reliably, to withstand the environmental conditions of the test.
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Optical fibres have been employed extensively in sensing applica-
tions, because of their immunity to radiofrequency interferences and
their intrinsic fire safety properties. Bare optical fibre sensors can be
embedded in a GFRP item without degrading its mechanical char-
acteristics [8]. Furthermore, they can be interrogated from over the
range of some kilometres or more. The scientific community has pre-
sented several applications where optical fibre sensors have been used
to monitor physical and chemical quantities in polymer composites, e.g.
Ref. [9]. Most of them are based on the well-established fibre Bragg
grating technology, although some alternative solutions have been
tested and compared [10]. As an example, plastic optical fibre sensors
described in Ref. [11], have similar characteristics and potential to the
sensors hereby presented. However, standard plastic optical fibres have
larger diameters, hence they partially meet the minimum invasiveness
requirement. Moreover, the mechanical and thermal properties of these
fibres may not be compatible with the embedding process in GFRPs
(mainly because of thermal constraints). Finally, their higher optical
attenuation, compared to glass optical fibres, reduces the remote op-
eration. Optical fibre sensors based on “side polishing” [12] are fragile
and difficult to embed, mainly because of their two-termination con-
figuration. Moreover, they were not suitable for epoxy resin, since the
latter has a refractive index of 1.5511 at 1550 nm, whereas the side-
polished sensors are able to work with indexes of around 1.47. L. Wang
et al. [13] monitored the cross-linking reaction during GFRPs fabrica-
tion, where the E-glass fibres that constitute the composite were di-
rectly used as a light transmission bundle and sensor.

Based on the previous analysis, this work reports on the design and
experimental test of new, low cost optical fibre sensors for the mon-
itoring of the diffusion of sea water and degradation through the
thickness of an epoxy resin used to fabricate GFRPs, with the aim of
realizing a turnkey monitoring system for polymeric and composite
structures. The sensors were made by depleting the cladding of a
commercial optical fibre for telecommunications, in order to make it
sensitive to the surrounding environment. These sensors are commonly
defined evanescent wave optical sensor (EWOS), since they rely upon
the light “leaking” from the fibre that interacts with the surrounding
material. This work follows a previous research by the same authors
[14], in which the diffusion of water was probed by recording the
spectral attenuation of the fibre sensors. The sensing system has been
here improved by introducing single-ended fibre probes that exhibit a
single termination, thus making the embedding easier, reducing the
structural perturbation of the artefact and reducing the probability of
breakage at the optical fibre-polymer interface. Furthermore, the sen-
sors were interrogated with a benchtop low-cost spectrometer working
in the near infrared spectrum, rather than using complex instruments
such as a Fourier Transform Infrared spectrometre (FTIR)]. Further-
more, the whole monitoring system has been developed to enable long-
term operation and continuous reading of several sensors.

In summary, this work aims at providing a turnkey solution to the
monitoring of water diffusion in polymers and GFRPs, by proposing a
process that includes the fabrication of low cost optical fibre sensors
based on evanescent wave sensing and working in reflection and a
detection system relying on near-infrared spectroscopy with a custom-
developed system for remote and long-term operation.

The paper is organized in two sections; the first presents the mate-
rials and methods used to realize and characterize the epoxy resin
samples and the optical fibre sensors (sect. 2- Materials and methods)
and the second part reports and discusses the quantitative results on
detection of water diffusion (sect. 3 - Results and discussion).

2. Materials and methods
The workflow of this research was split into two lines, namely

o the development of samples made of epoxy resin that could accu-
rately simulate the characteristics of GRFPs, in terms of sea water
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diffusion;
o the development of optical fibre sensors, based on evanescent field
sensing, that could work in reflection mode.

The two tasks were then merged by developing a suitable technique
to embed multiple sensors that could detect water diffusion through the
thickness of the samples.

2.1. Epoxy, preparation and characterization

The epoxy resin selected for this project was Ampreg 26 (Gurit,
Switzerland), as it is particularly suitable for manufacturing large and
high-performance composite structures. The resin was crosslinked with
the provided Ampreg 26 slow hardener, in a 100:33 wt ratio, according
to the indication in the technical sheets. Samples were prepared with
dimensions of 100 X 20 X 5mm.

The best curing conditions for this resin were evaluated by means of
Differential Scanning Calorimetry (DSC), (Metler Toledo, Stare system
DSC 1) and Fourier-Transform Infrared spectroscopy (FTIR) (Thermo
Scientific Nicolet 5700), in attenuated total reflectance mode, from 500
to 4000 cm ™! (2.5-20 um in terms of wavelength). The crosslinked
materials were characterized by means of Dynamic Mechanical Analysis
(DMA) (Tryton Technology).

The resin was crosslinked according to the following procedure: 1)
degassing of the reagents (epoxy and amine crosslinker) at room tem-
perature and 2) mixing (both steps performed under vacuum); 3)
pouring the mixture into a silicone mould in air; 4) leaving the mixture
at room temperature for 24 h in air and, finally, 5) thermal curing at
80°C for 5h in a muffle furnace. The final curing temperature was
assessed by means of DSC, FT-IR and DMTA analysis.

The coefficient of moisture diffusion into the crosslinked epoxy was
measured by exposing 16 specimens to simulated sea water [15] at
80 °C (full immersion) and performing gravimetric measurements until
saturation was reached.

2.2. Fabrication of the optical fibre sensors

The sensors were produced by chemically etching the initial 125 um
diameter of a standard glass optical fibre (GIF 625 silica multimode
fibre, Thorlabs) down to 50 um, in order to expose the core, where the
light is confined, to the surrounding environment [16]. The chemical
etching was performed by lowering the mechanically uncoated section
(either 2, 6, 8, 10 or 14 cm) into > 40% hydrofluoric acid (HF) (Sigma
Aldrich) at room temperature and leaving it there for 32 min. The fibres
were cleaved, with a diamond-blade cleaver, to obtain a smooth surface
of the fibre tip. A mirror was then applied to the cleaved termination.
And this allowed the sensor to work in reflection mode as an embedded
probe. The mirror was made by chemically depositing a silver coating,
by means of Tollen's reagent. The latter consists of a solution of silver
nitrate and ammonia which, with a proper procedure, precipitates
silver onto an exposed glass surface [17,18].

The sensitive section of some sensors was sputtered with copper, to
annihilate their sensitivity to the surrounding environment. These
“dummy” sensors (referred to as Cu-OFS) were prepared by depositing a
copper coating on the bare core by means of Radio Frequency magne-
tron sputtering (Microcoat). The purpose of using the dummy sensors
was to prove that the information provided by the OFSs was not related
to spurious phenomena (source fluctuation, mechanical stress, etc.).

2.3. Sensor embedding

The fibre sensors were embedded while pouring the resin into an
850 x 1050 x 100 mm inner dimension silicone mould, according to
the curing process described in 2.1. Fig. 1 shows a sketch of an epoxy
sample with embedded optical fibre sensors at different depths, along
with a picture of a sample. Four samples were fabricated, each
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(B)

——— Sensors

Epoxy

Fig. 1. A) Schematic of an epoxy sample with multiple optical fibre sensors (OFSs) with silver (Ag) coated tips embedded at different depths. B) Snapshot of a sample
with two embedded OFSs pigtailed to standard telecommunication connectors. The red arrows indicate the protective sleeves. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

embedding 3 sensing fibres, and data was therefore acquired from a
total of 12 sensors. A 40 mm long thermally-shrinking protection sleeve
was used to protect the insertion of the fibre into the epoxy.

Cross-sections of polished epoxy samples, containing multiple em-
bedded OFSs, were characterized by scanning electron microscopy
(Philips 525 M SW9100 EDAX).

2.4. Characterization of the samples equipped with optical fibre sensors

Samples containing multiple embedded fibre sensors were im-
mersed in simulated sea water, at 80 °C, for up to 148 h. The sensors
were interrogated with the setup depicted in Fig. 2. The equipment is
off-the shelf in the telecommunication industry and can be integrated in
a self-standing measurement unit. The optical signal for the interroga-
tion of the sensors is provided by a broadband source (Photonetics
3626BT) which emits a total power of 25mW over a 1500-1600 nm
range. The optical signal is addressed to multiple sensors by means of a
computer-controlled fibre optics switch (JDS Uniphase 2 x 16 SB
series). The sensors are connected to the switch by movable connectors
(Thorlabs BFT-1). Movable connectors were chosen as they are an easy-
to-handle alternative to fusion-spliced pigtails, because they introduce
negligible losses in this application and can easily be replaced by cheap
field-installable connectors [19,20] in a manufacturing framework. A
fibre optic coupler extracts the signal reflected from the sensor (which
contains the sensing information) from the transmitted one. The re-
flected signal is processed and displayed by means of portable spec-
trometer (Avantes AvaSpec-NIR256-1.7), which is capable of mea-
suring spectra over the 1100-1700 nm range with a 3nm resolution
[21]. The resolution of the spectrometer is adequate to the application
discussed in this paper. The system was designed for automatic logging
of spectra through a LabVIEW custom-developed programme. The
spectra may be recorded with a selectable sampling rate. In general,
most of the experiments were carried out by recording spectra every

COUPLER SWITCH
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- o0 ]
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BEACKER WITH
SIMULATED
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Fig. 2. Schematic of the interrogation set up.

5min and they lasted from hours to days.

3. Results and discussion
3.1. Epoxy characterization

The crosslinking of the epoxy resin was evaluated by means of DSC
and FT-IR analysis, in order to define the best curing conditions to
obtain the best performing polymer, in terms of thermo-mechanical and
viscoelastic properties.

The DSC-dynamic analyses were initially performed to evaluate the
heat release for a complete epoxy group conversion [22]. The iso-
thermal analyses were then performed at 60 °C, 80 °C and 100 °C, for
either 3 or 5h. The conversion data are collected in Fig. 3. When the
temperature was increased, a higher epoxy group conversion was
achieved, since it was possible to delay the vitrification. Moreover, a
longer curing time enhanced the epoxy group conversion.

The epoxy group conversion was also measured by means of FT-IR
analysis at 60 °C, 80 °C and 100 °C, for either 3 or 5 h. This epoxy group
conversion was evaluated by considering the reduction in the peak
centred at 950 cm™!. Table 1 shows the conversions values calculated by
means of FT-IR analysis, which are in agreement with the values ob-
tained from the DSC experiments [23-25].

The viscoelastic properties of the crosslinked materials were eval-
uated by means of DMTA analysis. The glass transition temperature
(Tg) values were measured as the maximum of tand peak. The data are
summarized in Table 2. As expected, by increasing the epoxy group

1007 .—3h
——5h
90
<
=80
K]
2
2
270
o
(]
60
50— ; .
60 100

80
Temperature (°C)

Fig. 3. DSC results at 60 °C, 80 °C and 100 °C for 3h and 5h.
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Table 1
FT-IR conversion results at 60 °C, 80 °C and 100 °C for 3h and 5h.

Temperature (°C) Conversion (%) for 3h Conversion (%) for 5h

60 86+2 87+1
80 88+3 90+2
100 92+2 94+3
Table 2
DMTA data results at 60 °C, 80 °C and 100 °C for 3h and 5h.
T (°C) Tg;,(°C) Tgsn (°C)
60 88+3 90+2
80 94+5 108+3
100 108+2 110+3

conversion, it was possible to achieve much higher Tg values for the
crosslinked materials, as a result of a higher crosslinking density. It is
evident, from a comparison of the values obtained for the samples cured
at 80 °C or at 100 °C for 5h, that Tg is not so different.

For this reason, the curing conditions of 5h at 80 °C were chosen,
since these conditions allowed a good conversion and a sufficient high
Tg of the crosslinked epoxy matrix to be achieved.

The sea water diffusion was initially evaluated by means of a
gravimetric measurement, after soaking the crosslinked specimens in
simulated sea water at 80 °C; the saturation was achieved within 300 h.
Fig. 4 shows the weight gain versus time. The error bars represent the
standard deviations of the gravimetric measurements that take into
account both the uncertainty of the weight measurement and the re-
producibility over different samples. The diffusion coefficient was cal-
culated considering the process as a Fickian, through eq. (1) [26].

b ﬂ(h)(M—M)
M, ) \ Vo — Ju (€))

and resulted to be
(8.8 + 0.4) X 10712 m?/s

where h is the sample thickness, M,, is the weight gain at saturation,
expressed in percentage; M; and M, are two points on the linear section
of the weight gain curve, expressed in percentage, while 4, t, are the
corresponding time spots in s.

3.0+
=259 - s
= 20 HH
= 1.5 v
2 12
E10{ .-
2 Y
=05
0.0+

400 800 1200 1600

SQRT of time (t"?[s"])

Fig. 4. Weight increment of the epoxy immersed in simulated sea water for up
to 700 h. The experimental data (black squares) are interpolated by the Fick
approximate diffusion equation (red dashed curve). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 5. Experimental optimization of the length of the optical fibre sensors
obtained from a comparison of the back-reflected spectrum with that of a re-
ference fibre mirror.

3.2. Optimization of the optical fibre sensors

The etched optical silica fibre acts as a sensor by leaking light into
the epoxy resin. The attenuation of the light guided into the fibre
changes because of a change in the refractive index and absorption of
the epoxy around the exposed core. In order to optimize the sensitivity,
sensors with different lengths of the chemically-etched section (2, 6, 8,
10 and 14 cm) were produced. Fig. 5 shows the spectra reflected from
the sensors manufactured with different sensing lengths, when they
were characterized under the same conditions (i.e. the same power of
the source and the same spectrometer parameters). These spectra are
compared with a reference fibre mirror. The reference fibre mirror is a
commercial component that was devised to back-reflect 100% of the
light coming from the source. An evanescent wave sensor provides back
reflection of a portion of the source light, since part of it is scattered in
the surrounding environment (i.e. the sample). A trade-off occurred
between the length of the sensor and the back-reflected signal: the short
sensors exhibited low sensitivity, whereas the long sensors did not
provide enough back-scattered signal to be probed. An experimental
optimization of different sensors lengths showed that the 2cm long
embedded sensors could not detect water diffusion, as their sensitive
parts were not long enough, and the embedded sensors longer than
10 cm did not provide a useful back-scattered signal, as the light was
scattered. The embedded sensors, with lengths of between 6 and 10 cm,
were able to yield a back-reflected signal close to that of the reference
mirror, while exhibiting sensitivity to water diffusion. Therefore, the
standard length for the subsequent water diffusion experiments was set
to 8 cm.

Moreover, a recurring problem was the breakage of the embedded
optical fibres during or shortly after epoxy curing, due to the stress
induced at the air-resin-optical fibre interface. This issue represents a
serious drawback to the deployment of OFSs in harsh environments, or
in any applications where sensors must be sturdy and long-lasting. OFSs
working in transmission have two terminations, and this makes the
concern even more relevant, because of the double probability of
breakage. The sensors presented in this work limit the likelihood of
breakage since they behave like single termination probes, and an ef-
fective strategy was thus implemented to further enhance their long-
term mechanical reliability. The problem was here solved by protecting
the insertion of the fibre with a 40 mm long thermally-shrinking pro-
tection sleeve.

3.3. Characterization of the embedded sensors

Fig. 6 A) shows the cross-section of an OFS embedded in an epoxy
matrix. The image highlights good adhesion between the optical fibre
and the resin, without any unbound sections. Fig. 6 B) shows the Cu-
OFS embedded in the epoxy resin. The adhesion at the epoxy interface
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Fig. 6. SEM micrographs of the cross section of (A) an OFS and (B) a Cu-OFS embedded in the epoxy resin.
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Fig. 7.

A) Reflected spectra of an OFS embedded in the epoxy exposed to simulated sea water at 80 °C. Spectra were collected every 5 min, but only the relevant

curves are reported here. B) Reflected spectra of a Cu-OFS embedded in the epoxy exposed to simulated sea water at 80 °C.
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Fig. 8. Reflected spectrum before water diffusion (black) and after the water-
diffused sample was dried at 80 °C for two weeks (red). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

is good and the Cu coating is continuous and has adhered well to the
silica fibre sensor.

Epoxy specimens with an embedded OFS and a Cu-OF were im-
mersed into sea water at 80 °C for up to 144 h. The reflected signal from
the sensors was recorded every 5min. Fig. 7 A) depicts the reflected
signal from an OFS in the near-infrared spectrum (1500-1600 nm),
recorded at different exposure times. A remarkable signal drop occurred
at 48h, and this drop was in agreement with the diffusion length of
water calculated from the D coefficient and the distance of the sensor
from the surface. On the other hand, the dummy sensor did not exhibit
any changes in the measurement uncertainty (Fig. 7 B). This confirmed
that the information from OFSs could be ascribed to the diffusion of sea
water rather than to spurious effects, such as thermal expansion. The
signal from the Ag-OFS decreased from the initial value of ~16 -10°
counts and flattened to 4-10° counts, correspondent to an homogeneous
decrement of ~75% in 144 h in the 1500-1600 range.

In order to check the reversibility of the sensing system, after

—~ 16000 1
[%)

14000 1
12000 4

10000 4

VI i 1oy o

Intensity @ 1532 nm (count

[ 03

o o

o o

o o
L

10 20 30 40 50 60 70 80 90
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o

Fig. 9. Example of signal recorded from a sensor embedded into an epoxy
sample at depth 2.6 mm. The signal drop occurs after a 49 h exposure of the
sample to salty water diffusion (accelerated test at 80 °C). The diffusion length
expected from eq. (2) is 2.5 mm.

Table 3
Calculated and measured diffusion heights.

Sensor n°  Sensor distance from the epoxy surface
Calculated from Fick's law (mm) Experimentally measured
D = 8.8 X 10™2m?%/s) (mm)
1 0.8 0.5 + 0.2
2 0.9 09 x 0.1
3 0.9 0.8 = 0.2
4 1.1 1.4 = 0.1
5 1.1 1.0 + 0.2
6 1.2 1.2 = 0.1
7 1.7 1.5 = 0.1
8 2.3 22 + 0.1
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exposure to sea water, the specimens were dried at 80 °C for 2 weeks.
As shown in Fig. 8, the response of the embedded OFS is completely
reversible: when the water is not present in the epoxy resin surrounding
the sensitive region of the OFS, the signal intensity is comparable with
that measured before the ageing test.

In order to detect the diffusion through the thickness of the epoxy
matrix, a number of samples with sensors embedded at different depths
were subjected to accelerated water diffusion experiments. The samples
were subjected to long-term exposure (up to 4 days) to sea water at
80 °C, with the signals from the optical fibre sensors continuously re-
corded. An example of a recording outcome is reported in Fig. 9, where
the signal from a sensor embedded at 2.6 mm from the surface is shown.
A sharp decrease occurs after ~49 h, when sea water reaches the epoxy
matrix in contact with the sensor. With this time information it is
possible to evaluate the water diffusion depth, assuming that the pro-
cess follows the Fick's law (eq. (2)):

d=2 D(t)dr
W/ o

where: d is the distance of the water diffusion, “t” the time corre-
sponding to the signal drop and “D” is the diffusion constant
(8.8 x 10712 m?/s).

The samples were later cross-sectionally cut a number of times and
inspected with a calibrated microscope to measure the average depth of
each sensor (one must take into account that during the embedding
process the fibres may not be perfectly parallel to the sample's surface
and the depth of each fibre may vary along the sample). In all samples
the measured position resulted to be consistent with the diffusion depth
expected from a Fickian process.

As an example, the results of a sample containing 8 sensors at depths
ranging from 0.8 to 2.3 mm are summarized in Table 3. This table
compares the diffusion length estimated with Fick's law (eq. (2)) with
the actual depth of the sensor that has detected the diffusion. Since the
uncertainty on d is about + 0.2 mm (stemming from the measure with
the optical microscope), a reasonably good agreement emerges between
the columns, which demonstrates that the optical fibre sensors are
capable of detecting the diffusion of water though the polymer with
good temporal confidence. The overall monitoring process still requires
improvements (reproducibility of the fabrication process of the sensors
and positioning of the sensors into the sample). However, it demon-
strates to be an effective diagnostic tool for pre-emptive maintenance
and the results are expected to be easily extended to glass fibre re-
inforced polymers (GFRPs), paving the way towards the development of
“sensitive” GFRP artefacts for harsh environments (oil&gas, aerospace,
energy).

4. Conclusions

Novel, single-ended optical fibre sensors for the detection of water
diffusion were fabricated, embedded and tested in an epoxy resin for
glass fibre reinforced polymers. An effective process was developed to
fabricate the sensors by etching the cladding of the optical fibres and
creating a reflective termination with the Tollen's reagent. A procedure
to produce the epoxy samples and to embed the optical fibre sensors
was developed and experimentally optimized through physical and
optical measurements. A setup for continuous monitoring of the sensors
was designed, with off-the-shelf telecommunication components, to
remotely track up to 16 sensors. Accelerated diffusion tests were per-
formed in simulated sea water at 80 °C for up to ~150h. These ex-
periments showed that it was possible to detect water diffusion by
observing drops of spectral reflection from the sensors. The water dif-
fusion process, as well as the response from the optical fibre sensors,
were found to be reversible. By embedding optical fibre sensors at
different depths, it was possible to assess the diffusion through the
thickness of the epoxy samples.

Polymer Testing 71 (2018) 248-254

Overall, this work yields preliminary experimental proof of the
feasibility of fibre reinforced polymers equipped with sensors, that
could be used in harsh environments (such as in pipes exposed to sea
water diffusion), whose structural integrity could be remotely mon-
itored with a simple, electric-free system, and any possible failures
could be detected at early stages.
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