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Tis paper presents a fber optic sensor for the detection of corrosion processes that occur on metal surfaces. In the proposed
sensor design, a sensing fber with an inscribed high-order Bragg grating is attached to the observedmetal surface. A broadening of
high-order Bragg grating spectral characteristics is observed and used to detect small and highly localized longitudinal strain
variations that occur along the fber as a result of corrosive rust fakes’ formations beneath the sensing fber. Te proposed
approach provides a straightforward fabrication method, the possibility for unobtrusive mounting, including mounting of the
sensor beneath the corrosion-protective layers, and consistent corrosion detection yields.

1. Introduction

Health monitoring of structures in the civil, aerospace, and
maritime industries is important to guarantee the maximum
lifespan of these structures and ensure the safety of their
users. One of the most important processes to monitor in
diferent structures which incorporate metals or metal alloys
is corrosion. Statistics indicate both a direct and indirect
economic impact of corrosion. Global costs associated with
the appearance of corrosion processes in the industry, ag-
riculture, transportation, and service sectors are estimated to
be about 3.4% of GDP [1]. Terefore, adequate corrosion
prevention measures must be employed to mitigate un-
wanted material degradation and fnancial losses. Typical
procedures against corrosion include, for example, pro-
tective coatings, primers, and special surface treatments.
Even if the necessary prevention measures are implemented,
deterioration of the structure is possible, and if not detected
on time, can cause major corrosion-related failures, even
involving personal injuries, fatalities, unscheduled shut-
downs, and environmental pollution. Terefore, corrosion
sensor systems are vital for efcient online monitoring of
a variety of metal or metal containing structures. Currently,
there are various reported sensor systems for direct or

indirect corrosion detection based on diferent sensing
principles [2], including electrochemical [3–6], ultrasonic,
magnetic fux leakage [7], inductive [8], galvanic [9–11], and
also employing a nonconductive special sensing textile [12].
Electrical and electrochemical-based corrosion sensing so-
lutions can exhibit shortcomings, for example, being difcult
to implement in remote locations, highly corrosive envi-
ronments, electromagnetically polluted environments, or
environments exposed to geoelectric events. Fiber optic
sensors (FOSs), on the other hand, have the potential to
provide efective corrosion detection solutions. An all-
dielectric design, small size, light weight, fexibility, in-
sensitivity to electromagnetic interference, and intrinsic
resistance to chemically aggressive environmentsmakes FOS
especially suitable for demanding corrosion sensing appli-
cations. Tere are several FOS solutions for corrosion de-
tection which utilize diferent sensing approaches [13–16].
One principle of operation employs fber Bragg grating
(FBG) corrosion sensors based on tensile stress relaxation
and volume expansion [17–23]. In the frst case, i.e., tensile
stress relaxation detection, the fber is pretensioned; thus,
when the corrosion occurs, the relaxation of the fber grating
instigates a wavelength shift. In the second case, i.e., sample
volume expansion, the fber with the inscribed grating is
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fxed, for example, on a surface of round steel sensing rod,
whose diameter increases due to the corrosion, and there-
fore, instigating a tensile strain of the grating, and conse-
quently, shifting the wavelength.Tis type of sensor provides
simple fabrication; however, they lack in the ability to
perform long term corrosion monitoring. Te other prin-
cipals exploit coating the fber with special sensing flms.
Authors have reported sensors where special Fe-C or Ni-P
sensing flms were deposited on the fber with inscribed
FBGs or onto fbers with removed cladding [24–30]. In the
frst case, interaction with the alloy flm initiates the re-
laxation of the pretensioned FBG, thus shifting the optical
spectrum of the grating. In the second case, the sensing flm
is applied to the region without the cladding, thus changing
the output optical signal when the flm is exposed to the
corrosive environment. Te above-described sensors are
however appropriate only for detecting the early stages of
corrosion. Another feasible approach employing FBGs for
structural health monitoring in composite structures pres-
ents measurements of nonuniform strain [31–43]. In these
cases, the host material was bent or elongated with an
unequally distributed outer force, thus instigating strain
perturbations with the same magnitude. Tese strain per-
turbations were then transferred to the fber’s core. Sensor
response in the presence of the nonuniform strain exhibited
not only spectral shift but also spectral broadening and
refectivity decrease. Te levels of the resulting broadening
were also modeled and assessed [32–35]. Other in situ
corrosion monitoring fber optic sensors use a fber loop
interferometer based on a photonic crystal fber (PCF)
[44, 45], where the pressure/force change instigated by
corrosion modulates the birefringence. Another interesting
corrosion discovery solution is presented in [46], where
a measuring cell employing an unclad sapphire fber
waveguide operating in the visible spectral range is capable
of detecting iron ions released due to the formation of rust.
Authors have reported a corrosion sensor based on a tapered
polymer optical fber [47], where the accumulated corrosion
between the steel and the sensor produces strain, which
translates into the change of optical power transmission of
the sensor. Fabry–Perot-based corrosion sensors [48] were
also reported in the past for corrosion sensing. However,
they require relatively complex mounting setups. Te ap-
plication and mounting of FOS for corrosion detection
present a special challenge. In many instances, unobtrusive
mounting or possibly sensor mounting beneath the corro-
sion protective layers is desired, which is limited mostly by
the existing FOS sensing principles. Te advantage of fber
optic sensors for corrosion detection is also in the possibility
to operate in distributed and quasidistributed confgurations
[49–52].

In this paper, we propose a fber optic sensor for direct
corrosion sensing based on the detection of random local
surface volume expansions, which are caused by the cor-
rosion process. Tis detection is achieved by the imple-
mentation of high-order Bragg gratings, which act as surface
nonuniformity/roughness detectors. Te proposed sensor
features a simple design, fabrication technique, and in-
terrogation method. Also, the sensor provides the means of

early-stage corrosion detection with simple attachment onto
the observed structure. Due to the operation principle and
interrogation method, the sensor can easily be confgured in
a quasidistributed confguration.

2. Principle of Operation, Sensor Design, and
Sensor Fabrication

2.1. Principle of Operation. Te appearance of corrosion on
the surface of a metal is accompanied by local and random
volumetric surface expansions, which increase the rough-
ness of the observed surface. Volumetric surface expansion
is usually manifested as a random growth of rust fakes and
oxide layers on the surface of the corroding material, with
dimensions ranging typically from a few to a few tens of
micrometers. Te detection of these random surface per-
turbations can be exploited to identify and signal the process
of the corrosion progressions. Te latter can be accom-
plished by properly designed fber Bragg gratings (FBGs), to
measure the nonuniform strain along the fber instigated by
the corrosion process.

When a fber Bragg grating (FBG) is fxed to a fat,
uncorroded surface, the inscribed FBG’s dielectric mirrors
are distributed evenly and fully periodically along the fber,
which results in a narrow back-refected optical spectrum
(Figure 1(a)). If the surface beneath the FBG is perturbed
locally and randomly by the appearance of corrosion
products, which appear in the form of rust fakes, distances
between the inscribed FBG’s dielectric mirrors also become
distributed unevenly, due to the creation of localized and
random longitudinal strain variations along the fber. Te
latter causes Bragg grating spectrum degradation, which is
refected in the FBG’s spectral peak broadening and peak
amplitude reduction (Figure 1(b)). Te magnitude of the
spectrum degradation depends on the intensity and spatial
distribution of the local perturbations and the system for
attachment of the sensing fber to the observed surface.
Evaluation and detection of an FBG peak spectral broad-
ening can, thus, be utilized for sensing the onset of a cor-
rosion process.

2.2. FBG Selection. Typical lengths of ordinary/commercial
FBGs for strain and temperature sensing applications usually
range from 5 to 20mm [53–55]. In corrosion sensing,
however, larger FBG lengths are desired to obtain sensor
response over larger physical areas that are more repre-
sentative of the structural health state. FBGs with lengths
ranging from a few centimeters to a few tens of centimeters
(or more) would thus be desired [56–58]. Te experimental
FBGs in this investigation were inscribed with a femtosec-
ond laser employing the point-to-point technique (P-t-P).
During the investigation, we performed several attempts
using diferent FBG inscription recipes/procedures, and the
spectral line width of the inscribed FBGs always dispersed
when we attempted to inscribe long-length 1st-order FBGs.
Terefore, in the proposed experimental designs, we utilized
femtosecond laser-inscribed FBGs of the 50th to 100th orders,
with distances between the mirrors between 25 and 55 μm,
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respectively. Tese high-order gratings with substantially
spaced mirrors provided narrow initial spectra, even when
fabricated over substantial lengths of fber. Te FBGs were
inscribed in polyimide-coated single-mode fbers (acquired
from Fibercore) with cladding diameters of 125 μm, 80 μm,
and 50 μm and with polyimide coating thicknesses of
30.3 μm, 22.8 μm, and 21.6 μm, respectively. Te typical
length of each grating was about 40mm (and was limited by
the linear motors used in our FBG inscription system). FBG
fabrication recipes were developed to achieve a typical 2%
peak refectance, and the initial spectral line width between
100 pm and 180 pm for the prepared gratings. It should be
stressed that the initially narrow FBG spectral line width is
preferred since it defnes the sensitivity of the proposed
approach (small deviations in FBG bandwidth can be
identifed more clearly in gratings with an initially narrow
spectrum).

2.3. Simulation. To obtain better insight into the proposed
principle of operation, we performed a series of fnite ele-
ment (FEM) simulations to determine the degree of strain
variation within the fber core caused by rust product for-
mation beneath the fber. Tis included the application of
a simplifed model, which assumed periodic attachment of
the fber to the observed metal surface (using fller material
as the adhesive), while allowing for formation of rust
products beneath the unattached fber. Te latter were
modeled as the fber’s vertical displacements caused by
force/pressure created beneath the fber. Strain εt within the
center of the fber in a direction which is tangential to the
path of the fber’s core (Figure 2(a)) was calculated as
a function of structure length as follows:

εt �

������

ε2x + ε2y
􏽱

, (1)

where εx and εy represent the strain components in the
vertical and horizontal structure’s dimensions. Te force
in the simulation beneath the fber was always distributed
over an area that had a length of 300 μm and a width
corresponding to the length of a 100° ark, as indicated in
Figure 2(b). Te applied force/pressure was perpendicular
to the structure’s longitudinal axis. Te abovementioned
model is presented in Figure 2(c). Fixture points, i.e., the
assumed use of a fller material with a width of 1mm and
a height of 0.5mm with side angles of 25°, this geometry,
and the use of fller mimicked a real situation in one of the
experiments described in detail in Section 2.3. Further-
more, the modeled fbers, with diferent diameters, were
fxed between two fller fxtures. Te length of the modeled
fber was 4mm, where 1millimeter from each modeled
fber side was fxed in the modeled fxtures (defned as
a bonded contact region in the FEM simulation software),
thus leaving 2mm of the fber for exposure to external
infuences. Te modeled fller fxtures were fxed in the
model at their bottom side. Te mesh size for both fller
fxtures was set to 50 μm and for the fber model to 10 μm.
Te material properties (Young’s modulus) of the fller
and the optical fber in the simulation were set to
3000MPa and 74800MPa, respectively.

In the performed simulations, 2mm distances between
fber fxture points were selected, while the widths of the
fxtures were 1mm each, thus mimicking one segment of the
actual fller stencil used later in the experimental verifcation.
All the simulations were performed for fbers with outer
diameters of 50 μm, 80 μm, and 125 μm.
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Figure 1: Principle of operation (a) when no corrosion is present and the inscribed dielectric mirrors are distributed periodically along the
fber, thus generating a narrow back-refected optical spectrum and (b) when corrosion is present, perturbations of the optical fber instigate
distance variations of the inscribed dielectric mirrors and, therefore, the degradation of the optical spectrum.
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In the frst set of simulations, the vertically applied force
beneath all three types of fber was varied/increased until the
vertical displacement had not reached the predetermined
vertical displacements of 50 μm, 75 μm, and 100 μm, which
mimicked the formation of rust fakes with a constant size.
Te results are shown in Figures 3(a)–3(c) for all three fbers.
Tese simulations assumed that the fake rust formation
creates fber displacements with constant magnitude, and
that the rust fake formation beneath the fber was not af-
fected by the presence of the fber, which inevitably creates
back pressure/forces onto the rust fake during its formation.
Te amplitudes of strain variation along the fber core,
indicated by the red arrows in Figure 3, are within the range
of about 50–100 με for a vertical displacement of 75 μm (a
typical grain height measured experimentally), which pre-
dicts splitting of the original FBG peak by about 50–100 pm
at 1550 nm (e.g., the FBG spectral strain sensitivity corre-
sponds to about 1.1 pm/με). Te results in Figure 3 also
suggest that strain variation amplitude increases with in-
creasing fber diameter, which would indicate a more sen-
sitive sensor when applying larger diameter sensing fbers.
Te above performed set of simulations, which assumed

constant vertical fber displacement and ignored the fber’s
mechanical feedback on the rust fake growth, might,
however, be oversimplistic. During the rust fake formation,
the fber is vertically displaced progressively, which gener-
ates force to the growing rust fake (an area underneath the
fber), which might suppress the fake’s growth. It is thus
important to stress that the set of performed simulations
apply to a simple situation with a displacement induced at
a single point underneath a double-clamped optical fber
section. Tis results in the creation of nonuniform strain
along the FBG, which further causes spreading of initially
narrow FBG optical spectrum as described in Section 2.1.
Tis evolution of strain caused by vertical displacement of in
two-point clamped circular beam represents a reasonable
approximation of the conditions encountered in the pro-
posed sensor. Furthermore, longitudinal strain evolution in
two-point clamped cross-section beams was also well
researched, modeled and verifed by numerous simulations
in the past [59–64]. Simulations carried out within this
investigation showed dependency of the geometry of the
clamps, i.e., diferent shapes (angles and height) and
clamping materials can signifcantly afect the longitudinal
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Figure 2: (a) Strain distribution within the center of the fber (core) in a direction which is tangential to the path of the fber’s core εt. Te
optical fber is fxed between two fxture points (fxture point 1 and fxture point 2) and displaced by a predefned heightΔμm. (b)Te surface
beneath the optical fber, where the force was applied. (c) Te proposed model of the sensor setup of three segments.

4 Structural Control and Health Monitoring



strain distributions. Also, modeling of a corrosion product is
a complex conundrum. Tere are reported contributions on
modeling and simulations of corrosion processes [65–68]
and the efects of deposition of corrosion products [69];
however, they focus on temporal distributions of chemical
species, potential, and current, to predict corrosion locations
and regions, and to elaborate the infuence on the micro-
structure of the material. To best of our knowledge, in the
current literature, the efect of the generated corrosion
product on displacement has not yet been investigated in the
way this paper does. It is, however, meaningful to examine
the evolution of the strain along the fber core when fbers
with diferent diameters are used in the proposed structure,
while asserting the same deformation forces to the sensing
fber. Terefore, the simulations presented in Figure 3 were
repeated, however, by assuming that the formation of a rust
fake induces constant force onto the fber rather than
constant displacement. While the reality is likely in-between
both cases, it is expected for one of these two “ideal” cases to
prevail. From the simulation assessment, it can be expected
that the rust fake formation, which will instigate sensing
fber displacements from 70 μm to 130 μm beneath and
around the sensor, will initiate spectrum degradation
(broadening) with a magnitude corresponding to a few tens
of picometers. Also, due to the sporadic generation of rust
fakes along the length beneath the sensor, an uneven spread
of the FBG spectral peak is probable.

Figure 4(a) shows the strain distribution along the fber
core while applying the force of 36mN to the fbers with
diameters of 50 μm, 80 μm, and 125 μm. Te results indicate
a substantially nonlinear relationship between the fber
diameter and the induced strain variation along the fber.
Fibers with smaller diameters yielded signifcantly higher
strain variations when exposed to the same vertical force, so
for example, when displacing the fber with a constant force,
the reduction of fber diameter from 125 μm to 80 μm in-
creases the strain variation along the fber by a factor of
about 3.15, while, when displacing both fbers with the same
vertical displacement amplitudes, the same reduction in
fber diameter yielded a decrease in longitudinal strain
variation by a factor of 1.69. Furthermore, the simulation

results indicate that when the same force was applied, the
fber with the smallest diameter (in the simulation the one
with the diameter of 50 μm) exhibited the largest dis-
placement, while the fber with the largest diameter (125 μm)
showed the smallest change in the displacement
(Figure 4(b)). To investigate/demonstrate the dependence of
the strain amplitude variation versus fber diameter under
constant force and constant displacement conditions fur-
ther, an extended set of simulations was performed, as
shown in Figure 5. In this set of simulations, fbers with
diferent diameters were frst displaced by 75 μm, while
calculating the amplitude of the strain variation induced by
this displacement.Ten, the calculated strain variations were
normalized by a strain variation which was obtained in the
case of the thickest (160 μm diameter) fber. Tese data are
displayed by the orange curve in Figure 5 and indicate that
an increase in the fber`s diameter increases the amplitude of
the strain variation nearly linearly along the fber’s core,
when the fber is displaced by a constant displacement.Ten,
the force needed to cause displacement was re-applied to the
same set of fbers with diferent diameters, while re-
calculating (and normalizing) the variation of the strain
along the fber’s core. Tese results are shown by the blue
curve in Figure 5 and indicate a signifcantly nonlinear
increase in the amplitude of the strain variation when re-
ducing the fber’s diameter. Tis pronounced nonlinear
relationship between the fber diameter and the strain
variation obtained under constant force conditions indicates
that the diameter of the fbermight be a decisive factor which
determines the sensor’s sensitivity to rust fakes formation,
i.e., a substantial reduction in the fber’s diameter shall yield
higher-sensitivity sensor structures.

2.4. Realization of theTest Sensors. Te inscribed 100th-order
FBGs were mounted on the observed surfaces/samples by
two approaches:

2.4.1. Attachment of the FBGs with an Adhesive Stencil and
Spray Filler. Mounting the sensor on the test sample surface
was realized in several steps by employing masking tape and
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Figure 3: Simulation results, presenting the strain distribution within the center of the fber’s core in a direction which is tangential to the
path of the fber’s core when fbers with the diameters of 50 μm, 80 μm, and 125 μmwere displaced by (a) 50 μm, (b) 75 μm, and (c) 100 μm.
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a spray fller (primer). Te masking tape was utilized for
devising an adhesive stencil with periodical cut outs. Te
fber (sensor) was positioned on the sample and fxed with
the cut mask tape. Te spray fller was applied afterwards
over the stencil in three layers. After the fller was partly
cured, the stencil was removed, thus leaving the left-over
fller to cure fully for 24 hours. Optionally, a corrosion-
protective layer was applied to the above-described setup.

2.4.2. Mounting the FBGs Only with the Protective Paint
Coat. Tis procedure employed mounting the sensor on the
test sample surface only with a protective coating, without
the adhesive stencil and spray fller. Te sensor was pre-
tensioned and fxed on the steel sample with high adhesion

tape at two points, i.e., at 5mm before the beginning and
5mm after the end of the inscribed grating. Te sample was
coated with 3 thin layers of a protective primer. After the frst
coat was partly dried, the adhesion tapes were removed,
followed by applying the remaining two layers of the primer
on the sample.

An algorithm for periodical recording and storing of the
FBG’s spectral characteristics was prepared within the
LabVIEW development environment, which was also used
to process the acquired data.

3. Experimental Setup

Te proposed corrosion sensing system is presented in
Figure 6. Te sensor setup consists of a lead-in 125 μm fber,
a sensing polyimide-coated optical fber with inscribed high-
order Bragg grating mounted on the metal sample as de-
scribed in the previous section, a spectral interrogator
(National Instruments PXIe-4844), and a personal computer
with the LabVIEW development environment. All the
sensors were mounted on a bright structural steel S235JR+C
(according to EN) sample.

Te tests were conducted by using two diferent cor-
rosion accelerating approaches.Te frst approach employed
an atmosphere with added hydrochloric acid (HCl) and
water vapors. Te other approach utilized a saltwater bath
with a 5% concentration of NaCl dissolved in demineralized
water. Te frst test procedure was nonstandard but quicker
and simpler, thus allowing a large number of tests, which
were necessary to identify proper sensor design. Te second
test procedure was however designed and performed
according to American Society for Testing and Materials
(ASTM) standard no. G31-21, which empowered sensor
operation/response under standardized test conditions. A
provisional test chamber (tank) was prepared for both
principles. In tests with the acidic atmosphere as the cor-
rosion accelerator, the chamber was equipped with a fan,
thus ensuring the circulation of the acid vapors. When the
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Figure 4: (a) Simulation results, presenting the strain distribution within the center of the fber’s core in a direction which is tangential to the
path of the fber’s core when on fbers with diameters of 50 μm, 80 μm, and 125 μm was applied the same force, which on the fber with the
diameter of 50 μm instigated the displacement 125 μm. (b) Displacement of fbers with diameters of 50 μm, 80 μm, and 125 μm, when the
same force was applied.
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Figure 5: Simulation results presenting the calculated normalized
longitudinal strain diference when employing constant force
(36mN) and constant displacement (75 μm) on fbers with di-
ameters 50 μm, 80 μm, 100 μm, 125 μm, and 160 μm.
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tests were conducted in a saltwater bath to accelerate the
corrosion process, an additional heater with a regulating
system was installed, to stabilize the water at a temperature
of 35°C [70]. Te chamber was also equipped with a rotary
pump and a bubbler to ensure continuous liquids’ oxy-
genation. With all the tests, the spectral data from the sensor
were recorded every 24 hours.

Te efect of the corrosion process induces grating
spectrum degradation and broadening; thus, the acquired
back-refected spectral characteristic was processed with
a suitable algorithm to extract a parameter that refected the
spectral broadening. Tis algorithm included regression of
the Gaussian function over a spectral peak, while calculating
the weighted spectral dispersion parameter (σ) of the
regressed Gaussian function, which was used further as
a corrosion indication parameter. Te amount of spectrum
distribution was, thus, evaluated by calculating the weighted
dispersion parameter (σ) according to

σ �

����������������

􏽐
N
i�1yi xi − x0( 􏼁

2

((N − 1)/N)􏽐
N
i�1yi

􏽶
􏽴

, (2)

where xi is the discrete wavelength in the acquired spectrum
and x0 is the central (weighted) wavelength of the observed
peak, calculated as 􏽐(xi·yi)/􏽐yi. N is the number of samples
and yi is the spectral density at wavelength xi. For better
intuitive presentation of the spectrum dispersion around the
calculated mean wavelength, the result was presented as
normalized spectral dispersions (σ/σ0), where σ0 is the initial
dispersion parameter at the beginning of the test, i.e., right
before exposing the sample to the corrosion environment, at
t� 0.

4. Experimental Results

Te frst set of tests was conducted using 100th-order FBG
sensors based on polyimide-coated fbers with an outer
diameter of 125 μm, mounted on an uncoated steel sample
surface with the method an employing adhesive stencil and
spray fller described in the above text. Te sensors were
placed in the chamber, equipped with a fan for vapor cir-
culation, and exposed to the hydrochloric acid (HCl) and
demineralized water vapors for roughly 16 days. Te frst
unambiguous appearance of spectrum broadening occurred
after about 40 h during accelerated testing.Within this phase
there were evident visual signs of a formed corrosion on the
sample, i.e., the appearance of a rust layer in the areas be-
tween the fller strips. Te initial spectral widths of the used

FBGs corresponded to 0.160 nm and 0.165 nm.Te spectrum
readouts from the sensors indicated corrosion-induced
spectral broadening in the range between 0.7 nm and
0.72 nm (Figure 7(a)). Te result tallied to a normalized
spectral dispersion σ/σ0 increase from 1 to up to 4.5, as
shown in Figure 7(b).

Te second set of tests was conducted by employing
sensors based on a single-mode fber with an outer diameter
of 80 μm, and with inscribed 100th-order FBGs in the length
of 40mm.As in the previous test, the sensors were mounted
on the steel sample surface with an adhesive stencil and spray
fller. Te test samples were also exposed to the same
corrosion-accelerating atmosphere, comprised of HCl and
demineralized water, as described in the previous test case.
Te duration of a typical test was in the range between 14
and 18 days. After the test, the Bragg grating spectrum
readouts indicated signifcant spectral broadening and
spectral peak magnitude decrease, when compared to the
tests utilizing fbers (sensors) with a 125 μm outer diameter
(Figure 8(a)). Initially, 0.11 nm, 0.12 nm, and 0.14 nm wide
sensors’ spectrums broadened to 2.1 nm, 1.7 nm, and 1.8 nm,
respectively, corresponding to a normalized spectral dis-
persion σ/σ0 increase from 1 to up to 19 (Figure 8(b)).

To inspect the sample visually throughout the test,
a camera wasmounted on the lid of the chamber.Te images
were recorded at the same time interval as the spectral data
from the sensor (every 24 hours). Figure 8 presents the
images and spectrums recorded at the beginning, middle and
end of the test. A noticeable incidence of a rust fake layer
was evident in the areas between the fller stripes
(Figure 9(b)). Te spectrum broadening increased with
additional accumulation of the rust particle layers instigated
by the acidic atmosphere in the test chamber (Figure 9(c)).

A reference test on a nonmetal sample was also con-
ducted, to evaluate and exclude the potential adverse cross-
efect of the corrosive atmosphere on the spray fller, which
might cause undesired efects on the high-order grating
spectral characteristics. In this test, the sensing fber was
mounted on the microscope glass slide by the same method
as on a metallic sample, employing an adhesive stencil and
spray fller (Figure 10(c)). Te sample was exposed to the
acidic atmosphere in the same way as the metal samples in
the tests described in the above text. Te results indicated
a spectrum shift, which can be attributed to the temperature
oscillations in the laboratory (Figure 10(a)) during the test.
After exposing the sample to the acidic atmosphere for
18 days, there was no noticeable decrease in the spectrum
amplitude or signifcant spectral broadening (Figure 10(b)).

PC
+ LabVIEWLead-in single mode fiber

with outer diameters
125 μm, 80 μm or 50 μm

Spectral
Interrogator

Test chamber

Test sample

High order FBG

Figure 6: High-order FBG corrosion sensor system setup consisting of a spectral interrogation system, a PC with a LabVIEW development
system, a lead-in 125 μm, 80 μm, or 50 μm single mode optical fber with inscribed high-order Bragg grating mounted on a steel sample.

Structural Control and Health Monitoring 7



Minor measured oscillations in the normalized spectral
dispersion probably arose from the polarization sensitivity
of the used FBGs, long-term fller curing/drying, and the
overall long-term stability of the setup. Although a dedicated
temperature test was not systematically designed and con-
ducted within this investigation, the tested sensors were
exposed to diferent temperatures during testing and

temperature did not signifcantly afect the spectral broad-
ening. Temperature variations instigated only the spectral
shift of the entire FBG characteristics in the wavelength
domain without afecting their width during the
corrosion tests.

Te high sensitivity achieved by the 80 μm diameter fber
encouraged further testing by further application of
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Figure 7: (a) Recorded spectrum from the 125 μm sensor fxed with spray fller on a steel sample at the beginning and at the end of the test
with the Gaussian regression for the respective measurement. (b) Calculated normalized spectrum dispersion (σ/σ0) at diferent time
intervals during the test.
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Figure 8: (a) A typical recorded spectrum from the sensor fxed with spray fller on a steel sample at the beginning and at the end of the test
with the Gaussian regression for the respective measurement. (b) Calculated normalized spectrum dispersion at diferent time intervals
during the test. Normalized with initial dispersion σ at the beginning of the test (t� 0).
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Figure 9: Recorded spectrum from the sensor and recorded sample image at (a) Te beginning of the test, (b) after 216 hours, and (c)
432 hours (at the end) of the test.
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Figure 10: (a) Recorded spectrum from the sensor mounted on a microscope glass slide sample at the beginning and at the end of the test
with the Gaussian regression for the respective measurement. (b) Calculated normalized spectrum dispersion at diferent time intervals
during the test. (c) Mounted sensor on the glass microscope slide sample by employing spray fller.
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a protective coating over the sensor. Further tests thus
employed sensors based on a fber with a diameter of
80 μm with inscribed 100th-order FBGs, which were
further coated with the high-grade two-component epoxy
primer for marine applications (Universal yacht primer
acquired from Sea Line). Before coating the sample with
the sensor by epoxy primer, the sensor was mounted with
the adhesive stencil and fller by the method described in
the text above. To accelerate the corrosion process, the test
sample was punctured through the coating at several
locations close to the sensor (Figure 11(c)). Te test
sample was submerged into the saltwater bath for 40 days.
Te test results indicated spectrum broadening in the
range between 0.5 and 0.7 nm (Figure 11(a)), corre-
sponding to a normalized spectral dispersion increase
σ/σ0 of about 3.5–4 (Figure 11(b)). Although the mag-
nitude of the spectrum degradation was about 3 times
lower when compared with the tests conducted on
samples without a protective coat, it was feasible to detect
corrosion of the steel sample protected by the marine
epoxy primer confdently.

Finally, the proposed sensing principle was tested
without using the periodically applied spray fller. In this
study, the sensor was pretensioned and fxed on the steel
sample only with the protective paint coating, as described in
the text above. Te initial test showed a low, very limited
response when using the 80 μm outer diameter fber; thus,
the fber diameter was reduced further in this experiment to
the outer diameter of 50 μm. Te sample was coated with 3
thin layers of transparent primer (Figure 12(c)), which also
allowed for visual observation of the onset of the corrosion
process. Te width of the FBG spectrum increased from the
initial 0.12 nm to 0.165 nm during mounting/coating, which
was a consequence of the high sensitivity of the 50 μm fber
to any perturbations. Te later spectrum width was,
therefore, set as the starting value for the corrosion test.
After exposing the sample for 13 days to the corrosive at-
mosphere, prepared with added hydrochloric acid (HCl) and
water vapors, the sensor’s spectrum broadened by 0.142 nm
to a cumulative 0.307 nm (Figure 12(a)), thus yielding
a normalized spectral dispersion σ/σ0 increase from 1 to up
to 1.85 (Figure 12(b)).
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Figure 11: (a) Recorded spectrum for the sensor fxed with spray fller on a steel sample coated with a high grade two-component epoxy
primer for marine applications at the beginning and at the end of the test with the Gaussian regression for the respective measurement. (b)
Calculated normalized spectrum dispersion at diferent time intervals during the test. (c) Mounted sensor on the steel sample with
perforations in the paint coating.
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5. Conclusion

Tis paper presented a new method for corrosion detection
employing high-order fber Bragg gratings. When a proper
attachment of the high-order FBG to the monitored metal
surface is used, random, corrosion-induced surface volu-
metric expansions of the monitored surface modulate dis-
tances between otherwise uniformly spaced FBG’s dielectric
mirrors. Modulation of these distances between the FBG’s
mirrors resulted in the FBG’s spectral peak widening and
spectral peak amplitude reduction, which can be used fur-
ther to assess the state of the monitored surface.

While investigating diferent approaches to attach fbers
to the monitored metal surfaces, the initial investigation
showed no useful responses from sensors built with fbers
using a standard outer diameter (125 μm) and 1st-order
FBGs. To achieve the desired sensitivity, a reduction of the
sensing fber’s outer diameter was necessary. Fibers with
outer diameters of 80 μm and 50 μm yielded sensors with
a robust response to the formation of an uneven surface
beneath the fbers.

Te exploration of various mounting techniques also
indicated the strong impact of the fber attachment method

on the sensor’s response. Te application of periodic at-
tachment of the sensing fber to the surface by periodic
application of a relatively hard (high Young’s modulus)
spray fller yielded highly responsive sensors. For example,
when employing fbers with an outer diameter of 80 µmwith
inscribed 100th-order FBGs, the sensor’s initial spectral
characteristics broadened by a factor of up to 19 times in
comparison with the original spectrum width when no
protective coat was applied. Tis relatively high sensitivity
sensor confguration also encouraged tests when the entire
sensor was coated by a corrosion-protective layer. Even after
applying an epoxy marine-grade protective coat over the
sensor, the sensor’s spectrum broadened by a factor of about
4 upon provoking corrosion efects beneath the sensor,
which is well within the range of reliable detection.

Finally, a direct mounting was also investigated, using
only the corrosion-protective coating as the means of fber
attachment to the monitored surface. Tis approach re-
quired further fber outer diameter reduction. Useful sensing
results were obtained when we reduced the sensing fber’s
outer diameter to 50 μm while using a 100th-order FBG. In
this case, the sensor’s spectrum broadened by a factor of
about 2 after provoking the corrosion process beneath the
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Figure 12: (a) Recorded spectrum from the sensor at the beginning and at the end of the test with the Gaussian regression. (b) Calculated
normalized spectrum dispersion at diferent time intervals during the test. (c) Mounted sensor on the steel sample with only a protective
primer. (d) Steel sample after the 312-hour test.
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fber. It should be stressed, however, that a 50 μm sensing
fber with inscribed FBG becomes sensitive to other per-
turbations, such as, for example, shrinkage of the coating
during the curing process; thus, periodic mounting with
a hard spray fller might be a more practical approach. Tis
investigation thus presented a strong correlation between
the level of spectrum degradation and the degree of cor-
rosion. Tests exhibited repeatable calculated spectrum dis-
persion when employing FBG sensors with fber outer
diameters of 125 μm, 80 μm, and 50 μm, with the appropriate
attachment method. Corrosion detection with the proposed
sensor (and signal processing method), which utilizes
spectral broadening, is independent of temperature and
strain (temperature could be independently read out by
observing absolute spectral shift).

In summary, proper attachment of the high-order FBGs
inscribed in reduced diameter fbers onto the metal surfaces
can yield simple, easy to mount and sensitive corrosion
sensors. Te proposed sensors can also be mounted beneath
the corrosive protective layers and can provide the possi-
bility for minimally obtrusive mounting. For example, the
epoxy primer thickness typically exceeds the sensing fber’s
diameter, and the mounted sensor integrates well with the
protective primer. Te demonstrated sensors provided
sensitivity which allows for the relatively early corrosion
detection. Te fabrication method, operation principle, and
interrogation approach also allow for this type of sensor to
be applied in quasidistributed corrosion detection
confgurations.
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