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Abstract

The presence of corrosion on metal substrates can compromise the integrity of a structure.
In this study, discrete fiber Bragg grating (FBG) sensing technology is used to monitor the
corrosion process of a Cu surface in a corrosive environment. The surface morphology
and nanostructures of corrosion products are observed to reveal their forms or structures.
The results show that corrosion products are composed of loose or dense collections
of micrometer /nanometer-sized particles in a crystalline state. Furthermore, this study
experimentally explores how localized corrosion affects the sensing signal between an
optical fiber and a corroded copper substrate. This phenomenon is also theoretically
modeled using contact mechanics, enabling a semi-quantitative calculation of how corrosive
particles influence Bragg wavelength. The wavelength shift trends of the four monitoring
points over a period of 10 days were similar under the same corrosive environment. Results
show that fiber Bragg grating sensors can identify the corrosion process in real time using
wavelength demodulation methods. This study will lay the foundation for subsequent
work on the precise monitoring of copper corrosion using fiber Bragg grating sensors.

Keywords: fiber Bragg grating sensing; surface morphology and nanostructures; contact
mechanics; monitoring

1. Introduction

Copper-based materials have been widely used in buildings, Marine engineering
and other fields due to their excellent physical and mechanical properties [1,2]. These
metal materials usually function in highly challenging environments such as moisture,
microorganisms, air, chemical pollution and large temperature differences. Throughout
their service life, copper-based materials are affected by the external environment. Over
time, copper-based materials are damaged due to corrosion. If not repaired or maintained
in time, this will inevitably create considerable hidden dangers to the safe operation
of facilities [3]. For instance, for copper-based material structures exposed to natural
seawater, air, chemical solvents and other environments [4-8], long-term contact will
cause external liquid molecules to interact with the passivation layer on the surface of the
copper-based material, destroying the passivation layer and causing rust to form on the
copper-based material. This leads to the formation of copper rust and corrosion cracking,
further reducing the load-bearing capacity of structural components; ultimately, this leads
to safety accidents [9-11]. It is reported that major safety accidents caused by the corrosion
of metal-based structures occur worldwide every year [12]. Therefore, corrosion monitoring
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and accurate assessment of corrosion behavior are of great significance for providing early
warnings of copper-based component damage, taking timely and effective maintenance
measures, further ensuring the safe operation of infrastructure, and reducing maintenance
and repair costs [13-15].

For the corrosion of metal-based components, traditional measurement techniques
include polarized electrochemical impedance spectroscopy, acoustic emission, impact echo,
ultrasonic waves, etc. [11,16]. Different monitoring methods exhibit limitations due to
their distinct monitoring principles, such as low accuracy, high cost, surface damage, and
secondary corrosion. To achieve accurate corrosion monitoring, especially early monitor-
ing and continuous development, advanced non-destructive technologies, such as fiber
optic sensing technology, have become a promising tool for structural health monitoring.
Compared with traditional monitoring methods, optical fiber sensing technology features
a small size, light weight, high sensitivity, high resolution, high precision, resistance to
electromagnetic interference, and the required physical and chemical stability [17]. It can
be interconnected to form a sensor network, enabling large-scale monitoring. At present,
optical fiber sensing technology can be divided into discrete (point) optical fiber sensing
technology and distributed optical fiber sensing technology. Fiber Bragg grating (FBG)
sensors utilize the periodic refractive index changes within the fiber core to reflect specific
light wavelengths, thereby achieving the measurement of strain, temperature, and other
physical quantities. They have been widely applied to monitor the corrosion of reinforcing
bars in concrete, steel plates, and steel bridges [18-22]. For example, Xu et al. [15] immersed
coated steel substrates in a 3.5% NaCl solution, applying static loads to the steel every six
days while recording the central wavelength changes in the grating sensor. This enabled
real-time monitoring of the steel’s corrosion process, elucidating the interaction mechanism
between loading and corrosion. Israel Sousa et al. [23] applied an FBG sensing system
to detect the corrosion process of carbon steel plates in sodium chloride solutions. They
compared this method with traditional ultrasonic and electrochemical detection techniques,
demonstrating its effectiveness. Tan et al. [24] proposed a corrosion detection method
for steel pipelines based on fiber optic sensors. By integrating this method with a scale
analysis model, they achieved both corrosion visualization and early warning functions.
Relative research has examined the reliability and applicability of the FBG sensing tech-
nique. However, studies on monitoring the corrosion of copper-based materials remain
scarce, and there is a notable lack of investigation into the microstructure of the corrosion
layer. Moreover, how corrosive particles affect the Bragg wavelength remains unclear.
Therefore, employing FBG sensing technology is crucial for evaluating corrosion behavior
in copper-based materials.

Therefore, in this paper, FBG sensing technology is used to study the corrosion dy-
namic behavior of copper-based materials under corrosive conditions. The experiment
studies the corrosion process of copper-based materials and the microscopic morphology
changes in the corrosion layer under corrosive conditions. Using the Hamaker model and
contact mechanics theory, the adhesion force of corrosion particles to optical fibers and the
shift in Bragg wavelength are semi-quantitatively calculated, which reveals the impact of
corrosion behavior on optical sensing signals.

2. The Principle of FBG Sensing Technology

The FBG sensor is a type of sensor based on FBG technology. By exposing the single-
mode fiber core to strong ultraviolet light, it induces the formation of periodic refractive
index modulation of the grating structure. Figure 1 shows the inherent functional mecha-
nism in FBG sensing [25]. The core principle is to measure changes in physical quantities
by using the grating structure formed by the periodic refractive index changes in optical
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fibers. When the light from a broadband light source passes through the FBG, the light of
a specific wavelength that meets the Bragg condition is reflected, while the light of other
wavelengths continues to be transmitted.
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Figure 1. Sensing principle of FBG.

Equation (1) shows the relationship between the Bragg wavelength Ag and the grating
parameters [24]:
Ap = 2Meg/A )

Among them, A is the Bragg wavelength reflected by the Bragg grating, . is the
effective refractive index, and A is the grating period corresponding to the distance between
two adjacent grating planes. When the grating is affected by temperature or strain, the
interference caused by the interaction between light and the grating period leads to a shift
in the Bragg wavelength (AAg). This Bragg wavelength variation can be expressed as
Equation (2) [26]:

AAp
Ap

Among them, Ap and AAp are the initial Bragg wavelengths and their offsets, Ae is

=(1-P.)Ae+ (§f+zxf)AT )

the strain change, and AT is the temperature change. P, {y and ay are respectively the
photoelastic coefficient (theoretical value = 0.22), thermal optical coefficient and thermal
expansion coefficient of the optical fiber. Since the reflection wavelength of the FBG is easily
affected by the intersection point of strain and temperature, if the temperature remains
constant or under the same operating conditions, when using the strain characteristics of
the FBG for pressure measurement, the temperature cross-sensitivity effect [26] needs to be
eliminated. That is, when AT = 0, the strain change can be simplified as Equation (3):

AAg

= (1= P)ae 3)

It can be found from Equation (3) that the change in strain is converted into the
change in Bragg wavelength. When the metal surface where the Bragg grating sensor is
located rusts, it can be used for real-time monitoring and recording. In addition, due to its
rapid data acquisition capability, the Bragg grating sensor is optimized to track dynamic
phenomena and rapid strain changes. These sensors are very effective for measuring
discrete points along optical fibers, but multiple sensors may be required for distributed
sensing. Therefore, in this research experiment, multiple Bragg grating sensors are arranged
to achieve distributed monitoring of rust on the metal surface.
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3. Materials and Methods
3.1. Design and Installation of FBG Sensor Specimens

In this experiment, purple copper plate (Cul100, Jiangxi Jiangye Industrial Co., Ltd.,
Nanchang, China) is selected as the sample, in which the copper (Cu) content is >99.90%,
and the total amount of other impurities is <0.10%. The size of the purple copper plate
is 40 cm x 20 cm x 5 mm. The FBG sensor is composed of a single-mode fiber and five
gratings. Among them, four red grating points are strain sensors, and one yellow grating
point in the middle is a temperature compensation sensor.

Temperature compensation sensors are sensitive only to temperature, while strain
sensors are sensitive to both temperature and strain. For temperature compensation
sensors [26],

AApo = SToAT, 4)

where Stg is the temperature sensitivity coefficient of the temperature compensation sensor.
For strain sensors:
AAp = ScAe + STAT, )

where S, and St are the temperature and strain sensitivity coefficients of the strain sensor,
respectively. Combining Equations (4) and (5) yields

Mg = Sele + imgo (6)
St0

As shown in Equation (6), strain measurement errors caused by temperature are elimi-
nated, achieving temperature compensation. Subtracting the temperature compensation
term STAApy/Sto from the strain sensor reading AAp yields the wavelength shift caused
by strain.

Mg = Adg — SS—TTOAABO = S.Ae 7)

The bandwidth is 0.3 nm, and the side mode is greater than 15 dB. The single-mode
fiber is made up of an acrylate coating and a fiber core, as shown in Figure 2a. In this study,
acrylate-coated optical fibers are employed primarily due to the protective and mechanical
properties of the acrylate polymer coating. The coating exhibits strong resistance to acidic,
alkaline, and saline environments, allowing it to maintain structural integrity over extended
periods in corrosive conditions. Furthermore, it adheres firmly to the fiber surface without
peeling, even under bending or dynamic structural loads. More importantly, when coupled
with the expansive stress generated by metallic corrosion products, the acrylate’s moderate
elastic modulus enables efficient strain transfer from the corrosion-induced expansion to the
FBG. This mechanism significantly enhances the sensitivity of corrosion monitoring. The
main reason for using acrylate-coated optical fibers is that they have a good strain transfer
rate with the substrate material and higher measurement accuracy. In the experiment, an
optical fiber is used, and the optical fiber containing the grating is pasted parallel to the
surface of the purple copper plate. Fiber gratings are fabricated by combining a 193 nm
excimer laser with a phase mask, with a grating spacing of 6 cm. The optical fibers are
bonded to the surface of the purple copper plate using ethyl cyanoacrylate resin, and
the bonding length of the optical fibers is 40 cm. These parameters are adopted from
prior studies [27]. To achieve a better bonding effect and enhance corrosion resistance, it
is necessary to polish the surface of the purple copper plate with silicon carbide paper
before bonding the optical fiber. For convenience of monitoring, a 2 m long pigtail fiber is
reserved and directly spliced with a patch cord through optical fiber splicing technology
and connected to the input port of the grating demodulation instrument. During the
splicing process, it is particularly important to keep the optical fibers clean to minimize the
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loss caused by splicing to the greatest extent. The optical signal loss at the splicing point is
0.04 dB. The relevant parameters of the splicing machine are shown in Figure 2b. To present
the situation of the optical fiber lying on the copper plate more clearly, its cross-section is
configured, as shown in Figure 2c,d. The figures display a three-dimensional coordinate
system. The origin of the x-y plane is located at the center point of the bare optical fiber, the
X-axis is parallel to the contact surface between the copper plate and the coating, and the
Y-axis is perpendicular to the X-axis. Furthermore, the direction of the fiber optic length
arrangement serves as the Z-axis.
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Figure 2. (a) fiber optic structure diagrams; (b) splicing machine-related parameters; (c,d) cross-

sectional three-dimensional coordinate system; and (e) experimental setup diagram.

Make an acrylic experimental pool with dimensions of 50 cm x 20 cm X 5 cm. Place the
purple copper plate with optical fibers lying horizontally on the surface of four small pieces
of 316 stainless steel with dimensions of 5 x 5 x 5 mm. The central wavelengths A;530, A1536,
A1539 and Aqs4p correspond respectively to the positions of 8 cm, 26 cm, 32 cm and 14 cm on the
purple copper plate. At the beginning of the experiment, a 3.5% NaCl solution was prepared,
and then the copper plate was immersed in the NaCl solution with a depth of 5 cm. The
corrosion monitoring experiment lasts for 10 days. From the beginning of the experiment, a
demodulator is used to monitor the grating points in real time. Five wavelengths of reflection
spectra are obtained with central wavelengths of 1530 nm, 1533 nm, 1536 nm, 1539 nm and
1542 nm, respectively, and the strain and displacement at the four positions are monitored,
as shown by the short red line in Figure 2e. The monitoring time interval is 100 ms. The
surface morphology of the copper plate is observed under a 10x objective lens of an optical
microscope. Then, it is taken out every two days, and the changes in its surface morphology
are observed. After the experiment, the surface structure of the copper plate is observed,
and the copper rust products on the surface are scraped for other related analyses. The
experimental setup diagram is shown in Figure 2e.

3.2. Characterization and Test Methods

The surface and cross-sectional morphology of samples are analyzed using field emis-
sion scanning electron microscopy (FE-SEM, JEOL JMS-7500F, JEOL Ltd., Tokyo, Japan). A
metallographic microscope (DMM-480AC, Shanghai Jinlai Optoelectronic Technology Co.,
Ltd., Shanghai, China) is used to observe the surface microscopic morphology. The structure
and elemental composition of the aerugo are determined with a high-resolution transmis-
sion electron microscope (STEM, Talos F200X G2, Thermo Fisher Scientific, Wilmington,
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DE, USA) at 200 kV. The crystal structure is examined using a X-ray diffractometer (XRD,
D8 Advance, Bruker Co., Karlsruhe, Germany) with Cu Ka radiation (k = 1.5418 ) in the 26
range from 10 to 90° at 40 mA and 40 kV.

4. Results
4.1. Surface Morphology of Copper Corrosion

Figure 3a—f show the images of the original copper plate and the surface corrosion
of the copper plate. It can be seen that the surface of the uncorroded purple copper
plate is smooth, presenting a light brown metallic luster similar to that of copper plates.
Under corrosion by NaCl solution, scattered dark areas appeared on the surface of the
purple copper plate, and a small part of the end area showed a light green color. As time
increased (on the 2nd, 4th, and 6th days), the color of the dark areas on the surface of
the copper plate gradually deepened. In addition, the green areas gradually expanded,
and the surface of the optical fiber turned green. On the 8th and 10th days, it can be
clearly observed that the green color on the entire surface of the copper plate deepened,
and large-scale blue-green product clusters appeared on the surface of the copper plate
and the optical fiber, as shown in Figure 3d,f. To preliminarily observe the evolution
of the microscopic morphology of the surface of the copper plate, Figure 3g-1 show the
corresponding microscopic morphologies of the copper plate under different immersion
times in NaCl solution. Combining Figure 3a-], it can be seen that at the beginning of
the experiment, small green dots gradually appeared on the copper surface, as shown
in Figure 3h; next, as the number of green dots increased, small green clusters gradually
formed on the copper surface, as shown in Figure 3i. As time increased, large areas of
blue-green products began to appear on the copper surface and some pitting occurred. This
is because the NaCl solution could easily penetrate through the pores in the corrosion edge,
resulting in the formation of obvious corrosion pitting, as shown in Figure 3j,k. As the
experiment progressed, the corrosion products on the copper surface gradually increased
and interconnected, forming large areas of copper rust products and generating obvious
protrusions, as shown in Figure 31

(b)

10 cm

10 cm

Figure 3. (a—f) surface morphology images of copper plate on days 0, 2, 4, 6, 8 and 10. (g-1) microscopic
morphology images of the copper plate on days 0, 2, 4, 6, 8 and 10.

The cross-sectional SEM image of the sample of copper after 10 days of corrosion is
shown in Figure 4a. It can be seen that a corrosion layer has formed on the surface of
the copper substrate. Figure 4b shows the SEM image of the corrosion products on the
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surface of copper. The surface is uneven, and the corrosion products present as loose or
dense collections of particles. The crystal structure of the corrosion products is further
analyzed by XRD in Figure 4c. The corrosion products formed are mainly composed of
Cuy(OH)3Cl, Cu(OH)Cl, CuCl,, Cu(OH),, NaClOy4, and NaCl. The NaCl derives from
corrosive liquid. The XRD peaks indicate that the primary three peaks, including (110),
(104), and (108), can basically be assigned to the standard characteristic peaks of cube
berzelianite (Cuy(OH)3Cl, JCPDS Card 30—0473). The main diffraction peaks (53.529°)
of CuCl, corresponded to the (310) planes (JCPDS 34—0198). The peaks at 15.952° can
be assigned to the (100) crystal planes of the Cu(OH)Cl (JCPDS 51—0400), respectively.
The peaks at 53.210° and 39.654° are assigned to the (150) and (122) crystal planes of the
Cu(OH); and NaClO4 (JCPDS 13—0420 and JCPDS 08—0494), respectively. According to
the XRD pattern, it was confirmed that the corrosion products of copper were composed of
a multi-component crystal structure [28].

Intensity

Distance(nm)

Figure 4. (a) The cross-sectional and (b) surface SEM images of the corrosion products. (orange
dashed line: The boundary of the corrosion layer) (c) XRD pattern of the corrosion products. (d) TEM
and HRTEM images (e) of the corrosion products, and the inset is the filtered lattice fringes. (letters
A, B, and C represent the lattice fringes at three different positions.) (f) A high-magnification TEM
image. The EDX elemental (g,h) mapping and (i) line scan. The STEM image is shown in the inset.

To further analyze the nanostructure of the corrosion products, TEM analysis is in-
dispensable. As shown in Figure 4d, the nanostructures of the corrosion products are
composed of stacked nanoparticles. Figure 4e shows the HRTEM image in Figure 4d,
presenting some clear irregular nanostructures. Meanwhile, local lattice fringes are ob-
served in the HRTEM image, indicating that there is an order (atomic clusters) in the crystal
within a short (or medium) distance range. It is seen from the fast Fourier transforms’
(FFT) patterns that the lattice with interplanar spacing of 0.22 nm, 0.17 nm and 0.19 nm
corresponds to the (122), (150) and (220) planes, respectively. The result agrees with the
result obtained by the XRD. In addition, the nanostructures are stacked on top of each
other, and obvious nanoscale interface contacts at the stacking boundaries can be observed.
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Figure 4f is a high-magnification TEM image of the corrosion products. It can be seen
from the EDX elemental mapping (Figure 4g,h) that the corrosion layer includes O and Cu
elements [29,30]. EDX-ray line scanning (Figure 4i) revealed that the strength of the Cu
element is higher than that of the O element, which might be related to the composition of
other elements. The scanning TEM (STEM) image is shown in the inset.

In order to clearly understand the formation process of the corrosion layer, it is
necessary to analyze the reaction process. The corrosion process of copper involves various
chemical reactions, which depend on the environmental conditions. The relevant chemical
reaction mechanisms are as follows [31,32]:

(1) Oxidation reaction: Copper is first oxidized to copper ions (Cu®*) in solution
and then combines with chloride ions (C17) to form copper chloride (CuCl,), which is a
yellowish-green crystal.

Cu*t 4+ 2C1~ — CuCl, (8)

(2) The formation of rust: In a chlorine-containing environment, harmful rust forms
on the surface of copper, such as copper hydroxide (Cu(OH),, blue precipitate) and basic
copper chloride (Cuy(OH)3Cl, Cu(OH)CI, green or bluish-green precipitates).

Cu?t +20H" — Cu(OH), 9)
Cu’" 4+ Cl~ + OH™ — Cu(OH)Cl (10)
2Cu(OH)Cl + OH~ — Cuy(OH),Cl 4 Cl~ (11)

The corrosion products formed have a loose structure and cannot effectively protect
the copper substrate. Instead, they will aggravate the corrosion.

4.2. Sensing and Dynamic Monitoring of Copper Corrosion

As shown in Figure 5, it depicts the variation in the Bragg wavelength of different
strain sensors at different positions on the copper plate over time after temperature com-
pensation [33]. In Figure 5a, the pink curve represents the variation curve of the wavelength
of the 0101 sensor (A1539) over time. In Figure 5b, the red curve represents the variation
curve of the wavelength of the 0102 sensor (Aj542) over time. In Figure 5c, the blue curve
represents the variation curve of the wavelength of the 0104 sensor (A1534) over time. The
green curve in Figure 5d represents the variation curve of the wavelength of the 0105 sensor
(A1539) over time. The negative Bragg wavelength drift that occurs in the four figures is due
to the fact that the strain sensor is initially tightened and adhered during installation. As
the corrosion time increases continuously, the optical fiber deforms, causing the tension on
the strain sensor to decrease and gradually turn into a compressive force, thereby resulting
in a blue shift in the wavelength and a negative value. In the four pictures in Figure 5,
the corrosion is roughly divided into three stages. The first stage is characterized by the
initial stage of corrosion. Due to the possible presence of a small number of oxides and
other impurities on the copper surface, the corrosion of the copper sheet occurs relatively
slowly over a long period of time. During this phase, there is no significant drift in the
Bragg wavelength, as shown in the relatively gentle curve at the front of Figure 5. The
second stage encompasses the early and middle stages of corrosion. The Bragg wavelength
change is above the coordinate axis and reaches the highest point. This is because copper
rust gradually forms and fills the gap between the copper sheet and the sensor, causing
the strain sensor at the grating point to be stretched. This causes a red shift in the Bragg
wavelength, which shows a positive value and redshifts to the maximum value. Then the
third stage encompasses the middle and late stages of corrosion. The Bragg wavelength
shift changes from the maximum positive value to the maximum negative value. This
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is because the surrounding copper rust continuously covers and compresses the optical
fiber, causing a blue shift in the Bragg wavelength. The three stages precisely correspond

one-to-one with the observations of the surface morphology and microscopic morphology

on days 0, 2, 4, 6, 8, and 10 in Figure 3. The results show that the FBG sensing system can
not only detect the occurrence of corrosion events but also precisely locate the locations
where they occur and quantify their severity, providing unprecedented spatial dimension

information for assessing the structural health status. Figure 6 presents the main monitor-

ing process diagram of copper corrosion. The combination of Figures 5 and 6 can make it

more convenient to analyze the entire process of the copper corrosion experiment. This pro-

vides certain references for real-time monitoring of the corrosion process of copper-based
materials using FBG sensing technology and exploring the influence of corrosion behavior

on optical sensing signals and its influence mechanism.

Figure 5. The drift in the Bragg wavelength over time. The variation curve of the wavelength of
the 0101 sensor (A1530) (a), the 0102 sensor (A1542) (b), the 0104 sensor (A536) (c) and the 0105 sensor
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Figure 6. Main monitoring flowchart of copper corrosion.
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A= —kgT

4.3. A Theoretical Model of the Relationship Between Surface Corrosion and Strain

When using discrete FBG sensing technology to monitor the changes in copper corrosion,
the changes in strain are significantly converted into changes in wavelength (AAp), enabling
the fiber sensing technology to detect the strain caused by copper corrosion. In this study,
the corrosion products remain on the copper substrate until the end of the experiment.

The primary corrosion product of copper in sodium chloride solution is Cuy (OH);Cl.
This precipitate adheres to optical fibers, exerting an adhesive force that is generally
attributed to van der Waals forces. Considering the basic copper chloride precipitate as
composed of numerous spherical particles, we first analyze the adhesion force exerted by a
single Cuy(OH)3Cl particle on the optical fiber.

Hamaker [34] proposed a model suggesting that the van der Waals force F between a
particle and its attached substrate satisfies

AR

F=2
623

(12)
where R is the particle radius, zg is the equilibrium distance between the particle and
substrate (zg ~ 0.2 nm), and A is the Hamaker constant, which depends on the dielectric
properties of the particle, substrate, and surrounding medium, as shown in Figure 7.

Figure 7. Particle with radius R adhering to the substrate. (The deformation of the particles and the
substrate near the contact point is shown within the dashed box.)

The Hamaker constant A can be calculated by using the Lifshitz theory [35]

(81—83)<82—€3> +3hve (n2 —n3) (n3 — nj)

ates/\eates)  8V2 il i+l (63 g+ g+ )

where kg is the Boltzmann constant, T is the temperature, ¢ is the relative permittivity, / is

(13)

Planck’s constant, v, is the ionization frequency of the material (typically v, ~ 3 x 101> Hz),
and 7 is the refractive index. The subscripts 1, 2, and 3 denote the particle, substrate, and
medium, respectively.

The Lifshitz theory disregards atomic structure, treating massive objects as continuous
media, and derives the interaction forces between objects based on volumetric properties
such as dielectric constant and refractive index.

In this study, 1 represents Cuy(OH)3Cl particles, 2 represents the optical fiber SiO,,
and 3 represents the NaCl solution. The values of the above physical quantities are
kg =138x10BJ/K, T = 300K, ey ~ 5, &0 ~ 35, ¢35 ~ 70, h = 6.626 x 1073* J-s,
ve ~ 3 x 10 Hz, ny ~ 1.5, np ~ 1.45, n3 ~ 1.33. From these values, the Hamaker constant
A =751 x 10721 J for Cup(OH)3Cl particles in NaCl solution with fiber SiO, can be obtained.
For particles with a radius R = 1 um, the adhesive force is

p 751X 1072 x10°°
6 x (0.2 x 10-9)*

N=78x10"8%N (14)
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Due to slight deformations in the particle near the contact point, a contact area with
radius 7 is formed, as indicated by the dashed box in Figure 7. This radius r is termed the
contact radius, typically r ~ 0.05R. Nearly all the interaction forces between the particles
and the substrate are concentrated within this contact area, resulting in a pressure of

F

2 (15)

p =

If Cup(OH)3Cl forms an adherent layer of thickness D on the fiber surface, it can be

regarded as composed of particles with a radius R = D/2 stacked together, as shown

in Figure 8. For an adhered layer with a thickness D = 2 pm, the adhesive pressure
p = 3.98 x 10° Pa.

Figure 8. An adherent layer of thickness D can be equivalently modeled as a stack of particles with
radius R = D/2.

The corrosion mechanism is roughly divided into two stages. In the early stages of
corrosion, as shown in Figure 9, corrosion products begin to form on the copper surface
over time, generating bottom-up support forces that gradually lift the laid optical fiber
upward by h. This causes the grating to stretch by AL = L{; — Lo, resulting in a red shift
AAp of the sensor’s Bragg wavelength [15]. Therefore,

1 1 1
h=3\/12 =13 = 5\/AL(AL +2Lg) = ELO\/ocA/\B(rxA/\B +2) (16)

where a =1/Ap(1 - P,).

Figure 9. Corrosion products on the copper surface lift the optical fiber by h. (The dotted line
represents the initial shape of the optical fiber.)

During the mid-to-late stages of corrosion, as time progresses, more corrosion products
appear on the copper surface. These corrosion product particles, driven by van der Waals
forces, cover the fiber from all directions, exerting an overall pressure on the fiber. This
causes relative compression AL’ = L — L’ in the grating, resulting in a blue shift AA}; of the
sensor’s Bragg wavelength, as shown in Figure 10. AL’ can be roughly expressed as [36]

1 —2v)(1+v)pa

r
AL = E 17)

where v is the Poisson’s ratio of the fiber, E is the Young’s modulus, p is the adhesion
pressure, and a is the length of the adhesion area. Therefore,

AL
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Cu, (OH),Cl

Bragg grating
Figure 10. Adhesion of corrosion products leads to fiber compression.

Substituting v = 0.17, E = 73.1 GPa, p = 3.98 MPa, a = 04 m, Ap = 1550 nm,
P, = 0.22 into Equations (17) and (18) yields AA}; ~ 20 pm. This is of the same order of
magnitude as the wavelength drift shown in Figure 5, indicating that the van der Waals
forces between the corrosion products and the optical fiber are one of the primary factors
causing the wavelength drift.

Due to the short effective range / of van der Waals forces (h ~ 5 um), Equation (12)
holds only when D < h. When D > h, the corrosion particles outside the effective range
interact minimally with the substrate.

5. Conclusions

This paper presents an experimental investigation into the effect of localized corrosion
on the sensing signal between a corroded Cu substrate and optical fiber, employing discrete
FBG sensors to monitor corrosion severity. The systematic strategy developed in this
study yields several crucial conclusions. The corrosion products consist of loose or dense
collections of micrometer/nanometer-sized particles in a crystalline state. And the corrosion
products are composed of a multi-component crystal structure. FBG sensors exhibited the
highlighted response by the wavelength shift in the monitoring points and the ability to
identify the corrosion process in real time. Finally, according to contact mechanics theory, a
mechanical-dependent corrosion monitoring model is proposed to investigate the influence
of the corrosion products on the mechanical behavior of optical fiber.
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