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Abstract— In this paper, a new optical fiber corrosion sensor based
on metallic bilayers is described. The detection region is located at
a fiber end facet and we present simulations as well as experimental
results in controlled lab conditions for Ti(10 nm)/Al(10 nm) and
Ni(5 nm)/Al(5 nm) bilayers. We perform the characterization of the
device by numerical simulations using the COMSOL Multiphysics
software, and with an analytical model, which makes use of the
Fresnel equations. According to the simulations, the change in the
reflected optical signal over time is related to variations in the
thickness of the metallic films by the corrosive process and,
consequently, the corrosion rate in each metal of the bilayer can be
obtained. Upon the simulation results, sensor devices were
fabricated by depositing thin metallic films on the cleaved facet of
the optical fiber using the sputtering method. We show that the use
of a metallic bilayer as a transducer, instead of a monolayer,
improves the sensor measuring interval (20 ± 1 nm) and provides
information about the corrosion rate along the corrosion process.

Index Terms—corrosion, double layer, optical fiber, sensor.

I. INTRODUCTION
Corrosion is one of the main degradation mechanisms that affect industrial structures, whether they

are static, such as bridges, gas pipes, oil pipelines, that normally operate in a highly corrosive

environment, as well as mobile transport structures, such as ships or aircrafts [1]. The knowledge of

the evolution of the corrosive process allows one to minimize the risk of failures caused in the

structure and, therefore, reduces the need to carry out unscheduled interventions, allowing a proactive

maintenance of the structures, with gains related to the level of control and scheduling of operations.

Therefore, the monitoring of localized corrosion problems in a structure can contribute to making

maintenance more efficient, allowing the maintenance effort to be concentrated in the neediest areas

[2].

There are many techniques for corrosion monitoring, some have been widely used, such as linear

polarization resistance, polarization curves, electrochemical impedance spectroscopy, among others
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[3], [4]. However, sensing techniques based on optical fibers have advantages such as simplicity,

versatility, safety, reliability, distributed measurement, immunity to external electromagnetic

interference and ability to resist hostile environments. For this reason, some optical fiber sensors are

commercially available [5], [6]. In addition, the use of fiber optics allows signals to be transmitted

over long distances with low loss, enabling a remote monitoring system. As such, it is suitable for use

in highly controlled environments such as nuclear or chemical plants [7]. Currently, optical fiber-

based sensors are used to monitor various physical and chemical properties such as humidity [8],

microbends [9], [10], electric field [11], [12], temperature [13], [14], pressure [ 15], magnetic field

[16], gas [17], [18], corrosion [19]-[21] among others.

In recent years, corrosion monitoring systems using optical fiber have attracted attention [22].

There are reports in the literature of the use of optical fibers with metallized cleaved facet to create the

sensor region [19], [23], [24]. These sensors use the optical time domain reflectometry (OTDR)

technique as the interrogation method, which provides multi-point monitoring. The results presented

in these types of systems showed the possibility of obtaining the corrosion rate of the metallic thin

film from kilometers distance of the monitoring point [19]. However, in these systems, there is an

operational limitation that consists of a monitoring period without detecting the onset of corrosion.

This occurs because, at the beginning of the corrosion process, the metallic film on the cleaved fiber is

still too thick to generate changes in the amplitude of the reflected optical signal in the sensor element

[19].

In this paper, we propose a corrosion sensor using an optimized metallic bilayer on the cleaved

facet of a single-mode optical fiber. We present simulations as well as experimental results in

controlled lab conditions for Ti(10 nm)/Al(10 nm) and Ni(5 nm)/Al(5 nm) bilayers. The thickness and

composition of the metallic layers were optimized via simulations. The sputtering deposition process

was used for the fabrication of the metallic bilayer on the fiber facet. The performance characteristics

of the sensor are shown experimentally in accelerated corrosion tests in the laboratory. The use of a

bilayer, instead of a monolayer as in previous publications, improves the sensor measuring interval,

mitigating the sensor blind period problem identified in monolayer structures, and provides the

corrosion rate earlier during the corrosion process.

II. DEVICE MODELING

A. Analytical Model
The longitudinal section of an optical fiber with a metallic bilayer over one of its extremities is

illustrated in Fig. 1 (a), which represents the sensor element of the corrosion detection system

described in this work. In this structure, the optical signal guided in the optical fiber is affected by the

metallic bilayer, causing a fraction of that signal to be reflected, another fraction is absorbed and,

depending on the thickness of the bilayer, a fraction of the signal is transmitted to the external media.

Under the action of a corrosive process, the reduction of the thickness of the metals that make up the
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bilayer causes a modulation in the intensity of the reflected optical signal. This modulation can be

obtained, theoretically, based on the Fresnel equations for reflection [23], [25], by approximating the

sensor element of Fig. 1 (a) by a multilayer system, as illustrated in Fig.1 (b). As can be seen in Fig. 1

(b), the multilayer system is composed of silica (fiber core material), metal 1, metal 2 and external

medium (corrosive agent).

Fig. 1. (a) Sensor element with metallic bilayer. (b) Multilayer system used by the analytical model.

The modulation of the reflected optical signal can be analyzed through the reflectance, R, for the

multilayer system [23], [25], defined as
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where r12, r23 and r34 are the reflection coefficient in the simple interfaces, silica/metal 1, metal 1/metal

2 and metal 2/external medium, respectively, defined in a generic way for normal incidence, as
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with (i,j)={(1,2); (2,3); (3,4)}. The phase change for the electromagnetic wave that penetrates metals

1 and 2 is given by Ф2 and Ф3 [23], [25], respectively, defined as
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l
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where nk and dk are the refractive index and thickness of the k-th metallic medium of the multilayer

system, respectively, with k= {2,3}, and λ is the wavelength of the optical signal. From the

expressions (2) and (3), the reflectance R in (1) is explicitly defined. It can be seen in (1) that, as the

thickness of thin metal films is reduced, it is possible to analyze the variation of reflectance R.

Consequently, the corrosion process in thin metal films can be detected by changes in the intensity of

the reflected optical signal.

B. Numerical Model
In this section, a modeling for the corrosion dynamics of the transducer elements of the corrosion

sensor is presented, considering the generation of the roughness on the surface of these transducers

due to the corrosive process. In general, surface roughness can be considered as a non-Euclidean

https://orcid.org/0000-0002-8517-6894
https://orcid.org/0000-0003-1615-8841
https://orcid.org/0000-0002-9611-6221
https://orcid.org/0000-0002-0872-1879
https://orcid.org/0000-0002-7924-4002
https://orcid.org/0000-0002-4991-4407
https://orcid.org/0000-0002-6972-6913


Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 20, No. 3, September 2021

Brazilian Microwave and Optoelectronics Society-SBMO received 20 Mar 2021; for review 1 Apr 2021; accepted 29 June 2021
Brazilian Society of Electromagnetism-SBMag © 2021 SBMO/SBMag ISSN 2179-1074

DOI: http://dx.doi.org/10.1590/2179-10742021v20i31252 516

irregular geometry [26]. Its structure may show randomness or similarity and, in this sense, the

surface roughness can be treated as a fractal type geometry [26]. These geometric shapes are seen in

many chemical and physical phenomena, such as thin film growth, erosion [27] and corrosion [28]. In

the literature, two classic fractal functions are found that can represent the surface roughness:

Weierstrass fractal and Weierstrass-Mandelbrot fractal [26]. These functions are represented by

infinite series of sinusoidal functions, which model the surface roughness by a complex periodic

structure [26]. However, some works obtained in the literature make a simpler approach to surface

roughness, through a sinusoidal function [29]. This function, called the roughness function, R (d, s), is

defined in (4), and models the dynamics of the corrosion process of the metal transducers of the

optical sensor based on the creation of peaks and valleys on the surface of these transducers, as

illustrated in Fig. 2.

2( , ) ( )sin extR d s A d n s dpæ ö= +ç ÷Lè ø
, (4)

where d is the average thickness of the metallic films, which decreases over the corrosive process; A(d)

is the roughness amplitude, which is a function of d; Λ is the periodicity of the rough surface; s is a

scanning parameter in the range [0,Dclad], where Dclad is the diameter of the optical fiber. The

parameter next is interpreted as a scale factor and assumes the value of the refractive index of the

external medium, as used in [29]. Some parameters of the roughness function are highlighted in Fig. 2.

Fig. 2. Proposed morphology for surface roughness generated in metallic films [26].

From the methodology proposed in [29], the values for A(d) and Λ, of the function R(d,s), are

defined by comparing the values of the intensity of the reflected optical signal obtained by the

computational model with the measured values experimentally, throughout the corrosion process. In

other words, values for these parameters are assigned in such a way that the computational result

approaches the experimental result [29].

The numerical modeling for the sensor element of the corrosion detection system, proposed in this

work, was implemented in COMSOL Multiphysics, which is a software based on the finite element

method (FEM). To study the propagation of electromagnetic waves with optical frequencies in

waveguides the Wave Optics module [30] was used. The 2D geometry of the implemented model is

shown in Fig. 3, which represents the longitudinal section of a single-mode optical fiber with a
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metallic bilayer on its cleaved facet (right end). The layer of the core, the shell, the external

environment (corrosive agent) and the metallic films, which define the structure of the model, are

highlighted in Fig. 3. By zooming in on the transducer region, one can see the rough surface of the

metal films, modeled by the roughness function (4). In the simulation, two types of metallic bilayers

are used: titanium/aluminum (Ti/Al) and nickel/aluminum (Ni/Al).

Fig. 3. Diagram of 2D computational modeling of the sensor element with double metallic layer.

Defining the left end of the 2D structure shown in Fig. 3 as a Numerical Port [30] in COMSOL,

configured as an emitter, a non-polarized optical signal with a wavelength of 1550 nm is emitted

from that end, establishing the fundamental propagation mode at the core of the optical fiber structure.

The measurement for the reflected optical signal is also performed by the left end Numerical Port,

configured as a detector. This measure is obtained from the scattering parameter S11 [30]. This

parameter corresponds to the reflection coefficient [30], so that the reflectance R is given by

R=||S11||2.

Table I provides the values for the optical and geometric parameters used in computational

modeling. For the fiber cladding layer, with width Dclad, the reduced value of 20 µm was used to limit

the use of RAM memory to solve the numerical model. There is not loss of generality with this

approximation, as the light penetration length in the cladding for the wavelength of 1550 nm is lower

than this value [31]. The wavelength of light at 1550 nm was chosen because it is the one with the

lower propagation loss in optical fiber and the one with the greatest availability of optical fiber

emitting, receiving and coupling devices, facilitating the construction of sensor systems. For the

discretization of the 2D geometry of Fig. 3, for the use of the FEM, a triangular mesh with finite

element size given by λ/200 was used for the layers of thin metallic films. For the fiber core, cladding

and the external environment, a triangular mesh with a size of λ/30, was used, where λ is the
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wavelength of the optical signal. These finite element sizes are in accordance with the conditions

suggested in [30] to solve the problem of propagation of electromagnetic waves with optical

frequencies in waveguides.

TABLE I. OPTICAL AND GEOMETRIC PARAMETERS [32]-[36]

Description Parameter Value
Wavelength l 1550 nm
Refractive index of the core, at 1550 nm ncore 1.4443
Refractive index of the cladding, at 1550 nm nclad 1.4378
Aluminum refractive index, at 1550 nm nAl 1.3474 − j14.133
Titanium refractive index, at 1550 nm nTi 3.4323 – j3.1162
Nickel refractive index, at 1550 nm nNi 3.4418 – j6.7542
Core diameter Dcore 8 µm
Cladding diameter Dclad 20 µm
Optical fiber length L 10 µm
External medium length
Refractive index of the Al-etch
Refractive index of the Si Iso etch

Lext
next
next

3 µm
1.38
1.376

Metal 1 thickness D1 -
Metal 2 thickness D2 -

III. EXPERIMENTAL SETUP
The experimental setup used in this work to characterize the sensors consists of a diode laser

connected to the sensor under test and an optical spectrum analyzer (OSA) through an optical

circulator, as illustrate in Fig. 4. The optical circulator directs the laser light to the sensor region and

directs the light reflected by the sensor region to the OSA. The OSA data is sent to a computer for

processing and determination of the corrosion rate. The laser operates at a wavelength of 1550 nm

with a power of 10 mW. The circulator and optical fiber are standard devices used in the

telecommunication industry.

Fig. 4. Experimental setup for testing the corrosion sensor with double metallic layer.
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The Ti(10 nm)/Al(10 nm) and Ni(5 nm)/Al(5 nm) bilayers were deposited on the cleaved fiber facet

to form the sensor region. In Ti/Al, Ti is metal 1 (inner layer, next to the fiber) and Al is metal 2

(outer layer, next to the external medium). In Ni/Al, Ni is metal 1 and Al is metal 2. The Metal 1 /

Metal 2 convention was presented in Fig. 1. The films were deposited by DC magnetron sputtering

system at the end of optical fibers after cleaning and cleavage. The pressure was 2.2×10−7 Torr. These

metals were chosen due to their great applicability in the industry, their optical reflectivity properties

and the significant difference in the corrosion rate in the corrosive agents used. In addition, the

position and thickness used for the metals are very important to allow the observation of the variation

in the intensity of the reflected light, due to the corrosion process in the metallic films since the

beginning of the corrosion. For laboratory corrosion experiments, Al-etch acid (25 H2PO4 : 1 HNO3 :

5 CH3COOH), was used, with expected corrosion rates of 50 nm/min and 2.5 nm/min, for the Al and

Ni [19], [38], respectively, and Si Iso etch acid (126 HNO3 : 60 H2O : 5 NH4F), with an expected

corrosion rate of 60 nm/min and 300 nm/min, for the Al and Ti [19], [38], respectively. These

corrosion rate values are for room temperature. The experiments in controlled laboratory conditions

were performed also at room temperature.

IV. RESULTS
Fig. 5 shows the results obtained from the COMSOL numerical model considering surface

roughness, the analytical model of laminar corrosion from the Fresnel equations and the experimental

results for the reflectance as a function of the thickness of the thin films deposited at the end of the

fiber. The values of parameter A of (4) are obtained by adjusting the reflectance obtained by

simulations with COMSOL with the experimental one, for each value of d, as shown in Fig. 5 (a) and

(b). For our experimental conditions, the best value found for parameter Λ is 35 nm for the result with

the Ni (5nm) / Al (5nm) metal bilayer and Al-Etch as an external medium, as shown in Fig. 5 (a), and

Λ = 50 nm for the Ti (10nm)/Al (10nm) bilayer and Si Iso Etch as an external medium, illustrated in

Fig. 5 (b). Both results are for the wavelength of 1550 nm. It is important to highlight that the choice

of thicknesses and positions of the metals in the Ni (5nm)/Al (5nm) and Ti (10nm)/Al (10nm) bilayers

is related to the optical properties of the materials and was based on previous simulations, which

showed that the use of these values allows rapid detection of corrosion.
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Fig. 5. Experimental, COMSOL and analytical results of the corrosion process of the bilayer (a) with Ti (10 nm)/Al (10 nm)

in Si Iso Etch (b) with Ni (5 nm)/Al (5 nm) in Al-Etch.

In the reflectance curves of Fig. 5 (a), the transition point from one metal to another in the bilayer

can be observed at a thickness of 10 nm, both in the experimental results and in the numerical

simulations, through the change in the slope, or trend of the evolution of the reflectance curve. In

addition, it is also observed that the results of the numerical model (COMSOL), which takes into

account the roughness of the metallic surface caused by corrosion, are closer to the experimental

results than the results of the model that considers laminar corrosion (Fresnel model), which does not

consider the surface roughness. The pronounced valley in the reflectance observed for the thickness of

approximately 6 nm, both in the experimental data and in the numerical simulation, is attributed to the

surface plasmon resonance effect that occurs due to the presence of surface roughness, as described in

[29]. Fig. 5 (b) shows the change in reflectance as a function of the thickness of the Ni (5 nm)/Al (5

nm) bilayer. Similar to the results in Fig. 5 (a), there is also a change in the trend of the reflectance

curve in the transition between the metals of the bilayer, in the thickness of 5 nm. Here, the numerical

model also comes closer to experimental results compared to the analytical model.

Fig. 6 shows two experimental curves obtained from two Ni (5 nm)/Al (5 nm) samples from the

same fabrication batch, that is, they were fabricated at the same time as the fibers were side by side in

the sputtering chamber. The fiber detection sections are immersed in the Al-Etch solution at different

moments, independently. The result shows a small difference in the optical response of the sensor in

the transition region between the metals, between 2.5 and 5 seconds, and in the valley region, between

44 and 50 seconds of corrosion. This difference in the corrosion process can be caused by non-

uniformities in the structure of the deposited metals, or by agitation of the sample, or other variations

in the conditions of the acid during corrosion. Even identical samples can generate slightly different

roughness patterns due to corrosion, causing the difference in the valley of the reflectance curve. For

the case of Fig. 6, the average corrosion rates with standard deviations measured for Ni and Al are

(0.087 ± 0.004) nm/s and (0.916 ± 0.005) nm/s, respectively.
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Fig. 6. Reflectance as a function of the corrosion time of the Ni (5 nm)/Al (5 nm) bilayer in the Al-Etch solution.

In Fig. 7, experimental results are presented in which Si Iso Etch is used in the corrosion process of

a set of three sensors with Ti (10 nm)/Al (10 nm) bilayer. The results obtained from the samples show

greater uniformity in the optical response of the sensor, without the variations in the valleys shown in

Fig. 6, which may indicate greater uniformity in the structures of the deposited films or in the

corrosion process. It is possible to observe in Fig. 7 that since the beginning of the corrosion there is a

change in the reflected light. At a given point in the corrosive process, at approximately 22 seconds,

the reflectance drops to a minimum and then stabilizes at a constant level. The constant level means

that the corrosion process in the double metallic layer at the end of the fiber has ended. However, the

minimum level of reflectance indicates that the valley is associated with the effects of light scattering

and surface plasmon coupling [25], [29]. Both effects are a consequence of the formation of

roughness on the surface of the metallic film caused by the corrosion process. The transition between

the metals occurs around the point of thickness equal to 10 nm (3.69 seconds in Fig. 7), where it can

be observed that there is a change in the slope of the reflectance curve. The observation of this change

in trend gives an indication of the transition between the metals and allows the calculation of the

corrosion rate of the substance in each of the metals of the bilayer. In the case of Fig. 7, the average

corrosion rate measured with standard deviations for Al (outer metal layer), first to be corroded, and

for Ti (inner metal layer, next to the fiber) are (2.76 ± 0.26) nm/s and (0.202 ± 0.019) nm/s,

respectively.
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Fig. 7. Reflectance as a function of the corrosion time of the Ti (10 nm)/Al (10 nm) bilayer in the Si Iso Etch solution.

For laboratory measurements, the action of the corrosive process on the Ti (10 nm)/Al (10 nm)

bilayer sensor head was also evaluated by controlled corrosion using two corrosive agents, Al-Etch

and Si Iso Etch, in a sequence. The same metallic bilayer was exposed to corrosive agents at different

times by manually changing the corrosive agent in a sequential action of immersing the fiber tip in

acid. Fig. 8 shows the reflectance variation curves as a function of the corrosion time of the double

metallic layer under this condition. The detection section is immersed in the Al-Etch solution for the

corrosion of the first metal film that makes up the double layer, Al, then the detection section is

immersed in the Si Iso Etch solution for the corrosion of the second metal film, the Ti. In the first 12

seconds of corrosion, the reflected power decreases approximately 9.85 dB, and the average corrosion

rate for Al is 0.83 nm/s, the standard deviation obtained was null due to the transition point inserted

with the change from Al-etch acid to Si Iso Etch. Then, after the immersion of the sensing region in

the Si Iso Etch, the power of the reflected light decreases rapidly (40 dB in 20 seconds), reaches the

valley and stabilizes on the plateau indicating that there is no more metal at the tip of the fiber. The

measured average corrosion rate with standard deviation of Ti is (0.154 ± 0.001) nm/s.

As in Fig. 7, it can be seen in Fig. 8 that the data from the 3 independent experiments carried out in

each case show good agreement with each other.
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Fig. 8. Reflectance as a function of corrosion time for three samples of Ti (10 nm) / Al (10 nm) bilayers in Al-Etch and Si

Iso Etch.

The values for the corrosion rates obtained from the results shown in figures 6, 7 and 8 are close to

the values found in the literature [19], [38] only for Al. For Ni and mainly for Ti, the measured values

are quite different from the reported values. The discrepancy between the corrosion rates obtained by

the optical sensor proposed in this work and the corrosion rates obtained in [38] may be related to the

measurement technique used and the material structure. This is because in [38] corrosion of metals is

done in bulk and separately for each metal, while in this work corrosion is carried out on a bilayer of

metallic thin films constructed by sputtering deposition. As highlighted in [39], corrosion for these

two material profiles can occur at different rates. Another important aspect is the level of purity of

each component of the corrosive solution, which can change the corrosion rate in a few dozen times,

as described in [40].

Finally, it is important to note that the choice of metals and their thickness has an impact on the

sensor's measuring interval. The proposed Ti (10 nm) / Al (10 nm) sensor presents an optimized

structure with 20 nm of the metallic bilayer, with a measuring interval (20 ± 1 nm), twice that

reported in [19].

V. CONCLUSIONS
In this paper, a sensor with metallic bilayer deposited on the end facet of a standard single-mode

optical fiber was proposed and characterized by simulations and experimental results. Two studies

were presented for the sensor region, with different thickness and metals, with Ti (10 nm)/Al (10 nm)

and Ni (5 nm)/Al (5 nm) bilayers. The thickness and composition of the metallic layers were

optimized via simulations.

The results showed that, depending on the optical properties and positioning of the films on the

fiber, it is possible to measure the corrosion rate of each metal individually. They have also been
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shown that it is possible to identify the end of corrosion of the outer metal layer, even if the corrosion

rates of the metals are close, because the effect of corrosion on reflectance depends on the metal's

refractive index.

The use of a bilayer, instead of a monolayer as in previous publications, improves the sensor

measuring interval, mitigating the sensor blind period problem identified in monolayer structures, and

provides the corrosion rate earlier during the corrosion process.
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