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Abstract— Corrosion-induced optical fiber microbending is1

demonstrated within this article as an efficient method for the2

design of sensors for the detection and localization of corrosion3

events on monitored metal surfaces. The proposed sensors were4

demonstrated in a single point and fully distributed configu-5

rations while applied successfully on bare metal surfaces and6

underneath corrosion-protective coatings. The intrinsic simplicity7

in the design and manufacturing of the proposed sensors,8

reliable corrosion detection, and corrosion localization are the9

main attributes of the proposed microbend corrosion sensing10

concept.11

Index Terms— Corrosion sensor, corrosion under the coating,12

distributed corrosion sensor, fiber optic sensor, microbend optical13

sensor.14

I. INTRODUCTION15

THE presence and onset of corrosion processes of metallic16

objects impacts and degrades maritime, aeronautical,17

civil, and other structures significantly. Corrosion leads to18

degradation of structure performance, safety issues, and high19

maintenance costs. Online monitoring and early detection20

of corrosion processes could thus increase the long-term21

performance of different structures, mitigate safety issues, and22

reduce maintenance costs.23

Standard corrosion detection methods include ultrasonic24

testing [1], radiographic testing [2], magnetic flux leakage [3],25

various electrochemical methods (linear polarization resis-26

tance, galvanic monitoring, and biological monitoring)27

[4], [5], and electrical methods (electrical resistance mea-28

surements) [6], while those methods are well established and29

standardized, they can be utilized mainly during scheduled30

maintenance procedures when the metallic structure under31

test is not in regular operation (usually, a trained person32

is required to scan the surface using the selected method).33

Furthermore, such methods often do not allow automatic34

location identification and real-time monitoring of the cor-35

rosion on larger metallic surfaces during operation in field36

applications. Developing suitable corrosion sensors that would37

enable online monitoring, would, thus, be of high interest in38
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managing and monitoring a broad variety of metal structures 39

and applications. 40

While some of the abovementioned inspection methods 41

can be utilized in online measurements, they usually provide 42

localized information and are susceptible to, or restricted by, 43

environmental impacts. Fiber optic corrosion sensors offer 44

an attractive alternative for corrosion sensing and detection, 45

as they are intrinsically corrosion-resistant, fully dielectric, and 46

immune to electromagnetic interference. Furthermore, optical 47

fibers have sufficiently small diameters (typically 125 μm) to 48

allow their unobtrusive mounting onto the monitored surfaces 49

and can provide the possibility for fully distributed sensing. 50

Different fiber sensor designs for corrosion detection were 51

proposed in the past [7], [8], [9], [10]. Several sensor designs 52

were reported, which utilize a sacrificial metallic layer applied 53

into an optical fiber [11], [12], [13], [14], [15]. A section of 54

fiber cladding is removed and replaced by the metallic layer 55

in these designs. During the corrosion process, the metallic 56

layer is removed, exposing the fiber’s core to the surrounding 57

environment. This causes a change of the fiber’s effective 58

refractive index at the exposed region, resulting in a change 59

in the sensor’s transmission/reflection spectrum [11] or change 60

in transmitted optical power [16]. While the corrosion process 61

of the applied metallic film can be detected reliably, this 62

type of sensor does not detect corrosion’s presence directly 63

on the target surface. Furthermore, the manufacturing and 64

deposition of the metallic layer is often not straightforward 65

and requires proper sample preparation. Another approach for 66

detecting corrosion is based on the measurement of change in 67

the strain of a metallic surface during the corrosion process. 68

Metal surfaces expand during the corrosion process, and this 69

can be detected by measuring the surface strain. For example, 70

corrosion sensors based on fiber Bragg gratings (FBGs) [17], 71

[18], [19] or macro-bend-induced losses [20] were demon- 72

strated successfully in the past. The challenge herein is a 73

proper fixture of the sensor on the metal surface to allow 74

reliable strain transfer while providing unobstructed exposure 75

of the sensing area to a corrosive environment (adhesive can 76

prevent or slow down the corrosion process). Most sensors of 77

this type are designed for single-point measurements and can 78

be, in the best case, extended to quasi-distributed (multipoint) 79

sensing configurations (FBGs) [21]. Fully distributed strain 80

sensing might also be applied for distributed corrosion sensing. 81

These systems are usually based on Brillouin optical time- 82

domain analysis [22], [23], [24] or optical frequency-domain 83

reflectometry [25], [26], which rely on the measurement 84
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of strain along the single-mode fiber attached to the target85

surface. While these methods offer good spatial resolution86

(several millimeters), they require complex and expensive87

optoelectronic and electronic signal processing and often88

depend on challenging installation procedures (for example,89

winding of the fiber around the target object [22], [23], [24],90

[25]). Furthermore, different and time-dependent strain profiles91

are common in normal structure operation. These must be92

distinguished clearly from the strain profiles caused by the93

onset of corrosion, which might further limit strain-based94

corrosion sensing capability.95

This article presents an alternative fiber-optic corrosion96

sensor based on the appearance of optical losses in multi-97

mode (MM) fibers caused by corrosion-process-induced fiber98

microbending. The proposed sensor provides simple, unob-99

trusive, and straightforward installation, while it relies on100

uncomplex signal interrogation, even in a fully distributed101

configuration. Special attention was devoted to detect the102

corrosion under the protective coatings.103

II. SENSOR DESIGN104

A. Basic Principle of Operation105

The corrosion of metallic surfaces causes local growth and106

expansion of a surface’s material volume. This local expansion107

is nonuniform and often associated with local rust flakes’108

formation, which converts the initially smooth metal plane into109

a microscopically rough and uneven surface. In anti-corrosion-110

protected surfaces, the surface transformation often occurs111

under a protective polymer layer(s) (coatings). When a suitable112

optical fiber is fixed or depressed against the observed metal113

surface (by a mechanical fixture, adhesive or even protective114

coating as described in the following chapters) [see Fig. 1(a)],115

the corrosion-initiated surface expansion creates randomly116

distributed pressure onto the fiber due to the expansive force117

of rusting (oxide jacking). This perturbs the fiber in a direction118

perpendicular to the fiber axis, which results in the appearance119

of fiber microperturbations [see Fig. 1(b)].120

The fiber transmission losses depend strongly on these fiber121

off-axis microperturbations, so relatively simple and effective122

microbend corrosion sensors can be formed.123

Within this investigation, two variants of microbend corro-124

sion sensors were investigated:125

1) microbend corrosion sensors based on a randomly per-126

turbed optical fiber;127

2) microbend corrosion sensors based on a periodically128

perturbed optical fiber.129

B. Microbend Corrosion Sensors Based on a Randomly130

Perturbed Optical Fiber131

In this sensor configuration, the optical fiber is depressed132

uniformly against an observed and initially smooth and uncor-133

roded metal surface, as shown in Fig. 1(a). In case of134

the appearance of corrosion on the metal surface, the local135

expansion of the surface displaces the fiber randomly along136

its length in a vertical direction, as shown in Fig. 1(b). This137

causes transmission loss modulation, which depends on the138

Fig. 1. (a) Fiber depressed on a smooth metal surface. (b) Fiber microbend
perturbations due to the random expansion of rust.

perturbed fiber’s length and the amplitude of the corrosion- 139

induced perturbations. 140

However, this relatively straightforward approach suffers 141

from a weak amplitude of fiber perturbations that can be 142

achieved in a practical system and, thus, requires sufficiently 143

microbend-sensitive fibers. Initial tests conducted using tele- 144

com MM fibers showed too low sensitivity for their use in most 145

practical corrosion sensing applications. While the amplitude 146

of the microbend perturbation depends on the metal/surface 147

properties, the type of the corrosion process, the thickness 148

of the protective layer, and the protective layer’s elastic 149

properties, these effects combined have a substantially weaker 150

impact on the sensitivity of the proposed sensor than the 151

properties of the sensing fiber. The microbend sensitivity of 152

an MM fiber is governed primarily by the separation of the 153

highest order modes in the phase constant space. A power 154

coupling coefficient hxy among two modes in the randomly 155

perturbed fiber can be expressed as [27] 156

hxy = C
1

�β4
F(�β) (1) 157

where �β represents the phase constant difference between 158

two coupled modes, and C is a constant dependent on the 159

fiber’s geometry and coupled modes field distributions, while 160

F(�β) represents the power spectrum of the fiber curvature 161

function taken at �β. 162

For a step-index profile fiber, �β can be expressed further 163

as [28] 164

�β = 2

a

√
�

m

M
=

√
2 · NA

na

m

M
(2) 165

where a is a core radius, NA is a numerical aperture, n is 166

the core refractive index, m is the mode order, and M is the 167

highest order mode number. Since the power loss occurs by 168

means of optical power leakage from the highest order modes 169

to the continuum of cladding modes, the coupling between 170

the highest order modes is of the main importance for the 171
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microbend loss [28], i.e., m = M . By inserting (2) in (1) and172

setting m = M , we obtain173

hxy = Cxy
1

4

( na

NA

)4
F(�β). (3)174

To maximize the fiber’s sensitivity to random bending175

perturbations, the core radius shall thus be maximized, while176

the NA shall be reduced. Both effects have a strong (highly177

nonlinear) effect on the microbend sensitivity of the fiber,178

as indicated by (3). Furthermore, the fiber’s primary coating179

acts as a mechanical buffer layer, which can reduce sensitivity180

to microbend losses significantly. While shorter sections of the181

fiber might be stripped (coating removed), this is not practical182

for most field applications. In microbend applications, thinner183

and harder primary coatings are, thus, preferred over double-184

layer acrylate telecom coatings applied to standard telecom185

fibers. As the high microbend sensitivity to the microbending186

is generally an undesirable property of an optical fiber, the187

commercial availability of fibers with a large core, low NA,188

and thin and hard coatings is very limited. Among the excep-189

tions are fibers designed for the production of high-power fiber190

laser pump combiners, where low NA and large core fibers191

are required to provide efficient coupling of multiple pumps192

into a single double-clad fiber. An example of such a fiber is193

AFM105/125/145 (Molex/Fiberguide) with a core diameter of194

105 μm, NA = 0.12, the fiber diameter of 125 μm, and thin195

polyimide coating (total outer diameter of 145 μm). After an196

initial investigation of different commercially available fibers,197

this fiber was selected as the preferential fiber for the design198

of all microbend sensors used within this investigation.199

The simplest form of the proposed microbend corrosion200

sensor is, thus, reduced to an appropriate fiber selection and201

fixing of the same fiber to the monitored surface to allow for202

the transfer of corrosion-induced surface microperturbations203

(oxide jacking) into vertical microdisplacements of the fiber.204

We investigated two different systems for fixing the fiber205

onto the observed metal surface: Firstly, a sensor setup with206

an additional element for mechanical depression of the fiber207

against the surface and secondly, direct incorporation of a208

fiber under the polymer anti-corrosion protective layer. Both209

versions of sensors are presented schematically in Fig. 2(a)210

and (b).211

The system for mechanical depression of fiber against the212

surface [see Fig. 2(a)] consisted of a miniature spring stainless213

steel rod with cross-sectional dimensions 1 × 1.5 mm and a214

length of about 35 mm. The rod was prolonged into T-shaped215

extensions on each side, which were used to fix the rod216

onto the observed surface by M4 screws. Between the rod217

and the screws, we inserted a piece of 1-mm-thick rubber218

buffer, which allowed for more precise tightening of the steel219

rod without damaging/cracking the fiber. The bottom side220

of the rod was polished, and the sensing optical fiber was221

depressed between the sample metal surface and the spring222

steel rod. Force of depression was measured indirectly through223

the observation of transmission losses during mounting of the224

sensor. Screws were incrementally tightened till the transmis-225

sion losses increased by 20%.226

Fig. 2. (a) Sensor based on a mechanical fixture of the sensing fiber. (b) Direct
mounting of the fiber under the protective polymer coating.

The second design approach omitted the mechanical fixture 227

for fiber depression against the observed surface and was 228

replaced by an anti-corrosion protective coating. In this case, 229

the protective coating provides the function of depressing 230

(fixing) the sensing fiber against the observed surface [see 231

Fig. 2(b)]. Any special mechanical fixture for fixing the fiber 232

against the observed metal surfaces is, thus, not necessary. 233

The preparation of a random perturbation microbend corrosion 234

sensor is, thus, reduced to the positioning of the fiber onto the 235

observed metal surface, followed by the application and curing 236

of the anticorrosion protective coating 237

C. Microbend Corrosion Sensors Based on a Periodically 238

Perturbed Optical Fiber 239

While losses within a randomly perturbed fiber depend 240

primarily on its core diameter and NA (3), they can be 241

increased additionally if the fiber is perturbed periodically with 242

a period that promotes the mode coupling, i.e., by maximizing 243

F(�β) in (1). Since the power is lost from the fiber through 244

the coupling of the highest order modes with a continuum of 245

cladding modes [m = M in (2)], critical perturbation period 246

�c, which maximizes F(�β) in (1), can be expressed as [28] 247

�c =
√

2πan0

NA
. (4) 248

For the same optical fiber as used in the case 249

of the microbend sensor with random perturbations 250

(AFM105/125/145), we obtain �c = 2.8 mm. Periodic 251

fixing of an optical fiber to the metal surface with the 252

period �c shall, thus, enhance the sensor’s sensitivity to the 253

corrosion process. 254

Several possible designs were investigated and tested 255

of periodic fiber deformation structures. This included the 256

investigation of mechanical gratings, photolithography-created 257

polymer periodic fixtures, and other methods. Among the 258

tested approaches, the most effective design was obtained by 259
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Fig. 3. Fiber fixed with periodic stripes. (a) Rust-free metal surface.
(b) Corroded metal surface.

Fig. 4. Periodic sensor manufacturing process. (a) Fiber positioned on
the metal surface. (b) Masking tape stencil positioned on top of the fiber.
(c) Application of the spray filler. (d) Removal of masking tape stencil.

applying periodic stripes (see Fig. 3) created by a simple mask260

(stencil) and spray filler primer.261

The manufacturing process is depicted in Fig. 4 and includes262

a few steps: initially, masking tape is cut out periodically to263

form an adhesive stencil. The fiber is then positioned over the264

desired surface [see Fig. 4(a)] and fixed by the cut mask tape265

[see Fig. 4(b)]. Spray filler (spray primer) is then applied over266

the stencil in three layers [see Fig. 4(c)]. After semi-curing267

Fig. 5. Test setup for the corrosion sensors.

the filler, the stencil is removed, and the spray filler is left to 268

cure fully [see Fig. 4(d)]. 269

The presented manufacturing process is convenient, as the 270

adhesive stencil holds the fiber firmly over the entire sensing 271

length and thus allows for the installation of the sensor on 272

uneven (curved) or more complexly shaped surfaces. Periodic 273

stripes are also thin and can, additionally, be covered by a 274

protective coating, thus allowing corrosion monitoring under 275

the protective layer. 276

D. Distributed Sensor Designs 277

Microbend sensor designs using random fiber perturbations 278

under protective coating and the stencil/spray-filler approach 279

further covered by protective coating were applied to samples 280

with long lengths to demonstrate the distributed sensing 281

capability of the proposed sensor concepts as described further 282

in Section III. 283

III. EXPERIMENTAL RESULTS AND ANALYSIS 284

A. Experimental Setup for the Accelerated Corrosion Tests of 285

Short/Point Sensors 286

All types of tested sensors were manufactured on metal tests 287

samples with dimensions of 30 × 60 × 4 mm (W × L × H ) 288

made of S235JR + C steel. The surface of each sample 289

was flattened (faced) using computer numeric control (CNC) 290

milling. Samples were then cleaned thoroughly to remove 291

any debris from the milling process and to eliminate the 292

residues of the cooling fluid. The sensing fibers were attached 293

to the surfaces of the prepared samples in accordance with 294

procedures described in Section II. 295

To accelerate the corrosion process and measure the trans- 296

mission losses, we prepared a test bench (see Fig. 5) made 297

of an optical measurement setup and a test chamber. The test 298

chamber comprised an airtight container filled with corrosive 299

vapors formed by a 10% hydrochloric (HCl) acid solution 300

in deionized water. HCl is highly oxidizing for most metals 301

[29], [30], and initial tests showed fast penetration of the HCl 302

vapors through the protective coatings. The corrosive vapors 303

were distributed evenly around the chamber using a fan and 304

natural evaporation. The metal samples (sensors) were inserted 305

into the test chamber, while the transmission loss (microbend 306

loss) at the sample/sensor was observed using the optical setup 307

shown in Fig. 5. 308

The optical setup comprised a broadband optical source 309

coupled into a standard telecom MM fiber with a core diameter 310

of 62.5 μm (this mitigated the bend losses in the region 311
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Fig. 6. Relative transmission of two fibers fixed with a mechanical fixture
during exposure to corrosive vapors.

between the interrogation system and the sensor). The fiber312

was then split using an MM optical coupler, where one branch313

was connected to the optical power meter and the other to314

the sensing MM fiber. Part of the sensing fiber was fixed315

onto the metal surface to form a sensor section (as already316

described in Sections II-A and II-B), and the end of the317

sensing fiber was connected to another section of standard MM318

fiber, which was further connected to the second optical power319

meter. The optical power meters were connected to a computer,320

running an application that divided both optical powers (i.e.,321

normalized power in the sensor branch) to exclude variations322

in the optical power of the source. Several samples within the323

same chamber were tested simultaneously over longer periods324

of time. To assure that the measured transmission losses325

are induced by a corrosion process (and not by protective326

coating swelling or other deformations), we initially included a327

reference sensor made on a silica glass substrate, which did not328

change the properties under exposure to the corrosive vapors.329

We initiated the measurement process and recording several330

hours before introducing corrosive vapors to obtain reliable331

data on initial (reference) losses and ensure that coatings are332

fully dry and that the clamping force is constant. Initial losses333

were also used for the normalization of results.334

B. Testing of Uncoated Sensors335

The initial tests were performed with sensors mounted on336

uncoated metal samples. The first series of tests included sen-337

sor designs that utilized random perturbations using mechan-338

ical fixtures of the fiber to the metal surface (as described in339

Section II-A). Two sensors’ optical transmission losses were340

observed over a period of about 700 h. The sensors were341

exposed initially to an atmosphere composed of ambient air342

for about 24 h, and afterward, a 10% solution of HCl was343

introduced into the test chamber in a separate container to344

provide a corrosive vapor atmosphere. During the first 180 h of345

the test, the sensors showed a limited response, but afterward,346

the relative transmitted optical power started to decrease nearly347

monotonically (see Fig. 6).348

After 600 h of testing, the output power stabilized at about349

10%–20% of the initial power, indicating a total loss increase350

Fig. 7. Response of the two sensors based on periodic microbend and a
reference sample.

caused by the corrosion process of about 8–10 dB. Comparison 351

of the test samples before and after the test is shown in Fig. 6. 352

From the inspection of the sample after the test, we can 353

observe that the sample did not corrode equally under the 354

mechanical fixture and the rest of the sample. The mechanical 355

fixture prevented the corrosive vapors’ circulation into the 356

vicinity of the fiber, and the response of the sensor was, thus, 357

relatively slow. These tests were repeated several times, and 358

Fig. 6 represents a typical response obtained during this type 359

of test. 360

Further tests included corrosion sensors based on a peri- 361

odic perturbation structure (Section II-C). Three sensors were 362

prepared, where two were made on metal samples and one 363

was made on a glass substrate. The sensor on the glass 364

substrate served as a reference to verify possible impacts of 365

the corrosive vapors on the periodic stripes (primer spray 366

filler) and, consequently, on the sensor’s behavior. The sensors 367

were inserted into the test chamber and connected to the 368

interrogation unit. Relative optical transmission over time was 369

observed, and results are presented in Fig. 7. 370

The sensors were initially exposed to an atmosphere com- 371

posed of ambient air for about 48 h; afterward, corrosive 372

vapors were introduced into the chamber. Soon after corrosive 373

vapors were introduced into the chamber, we observed a 374

limited increase in transmitted optical power. Since it also hap- 375

pened on the reference glass substrate, we assume that spray 376

filler slightly relaxed after exposure to highly chlorine reach 377

environment. A rapid decrease in the sensor’s transmission can 378

be seen in Fig. 7 during the first 48 h after the introduction 379

of the corrosive vapors, while the optical power stabilized 380

fully after about 300 h. The two tested sensors had a nearly 381

identical response and provided a deep modulation, with the 382

final transmission of less than 1% of the initial value (20-dB 383

loss modulation). The reference sensor transmission remained 384

intact during the test duration, confirming that the change in 385

the transmission is corrosion rather than adhesive/spray filler 386

related. Visual inspection of the samples before and after the 387

test shows the clear difference and rust formation around the 388

exposed parts of the fiber (see Fig. 7). Between 100 and 150 h 389

of the test, there were almost no visible changes during the 390



7007112 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 71, 2022

Fig. 8. Corrosion after (a) 35 h (clean sample), (b) 50 h (signs of fine rust),
(c) 120 h (black rust), (d) 150 h (signs of brown rust), (e) 170 h (progression
of brown rust), and (f) 200 h (brown rust).

corrosion process, and during this time, transmitted optical391

power remained constant.392

There is also a step-like change in the loss curve slope393

at about 170 h, which can be observed for both sensors.394

This response of the sensors was most likely caused by395

different types of corrosion processes that form on the metal396

surface [see Fig. 8(a)]. Initially, fine black rust was formed397

on the surface [see Fig. 8(b)–(d)], but after about 170 h,398

we observed the formation of brown rust with larger rust flakes399

[see Fig. 8(e) and (f)].400

According to this observation, the sensor could perhaps pro-401

vide an opportunity for observing the type of rust formation;402

however, a more detailed investigation will be conducted to403

confirm this possibility.404

C. Corrosion Detection Under the Protective Coating405

To demonstrate the concept and operation of random and406

periodic microbend perturbation sensors under protective coat-407

ing, we prepared a single metal sample (strip) 6 cm long,408

containing random and periodic microbend sensor configu-409

rations. Two samples of each sensor type (four sensors in410

total) were applied to the test metal sample (see Fig. 9). Both411

types of sensors were made on the same sample to assure that412

the corrosion rate was about equal across all sensors, which413

provided the possibility for a straightforward comparison of414

the results.415

During the initial test, the metal strip sample was coated416

with several layers of the translucent general-purpose coat-417

ing. While the translucent coating is not an efficient418

corrosion-protective coating, it allowed for visual observation419

of the metal surface and the fiber (see Fig. 9) under the coating420

before and after the test. Before the accelerated corrosion test,421

we measured the coating thickness using a laser scanning 3-D422

Fig. 9. Section of a metal sample containing two periodic and two randomly
perturbed sensors. The sample is coated using a transparent coating.

Fig. 10. Results from random and periodic perturbation corrosion sensors
on the same metal sample.

microscope (OLS5100, Olympus), which showed the coating 423

thickness of approximately 35 μm (the precise refractive index 424

of the coating is not known; thus, the obtained thickness is 425

only approximate). 426

The prepared sample was then inserted into the test cham- 427

ber and exposed to corrosive vapors after the initial period 428

of 4 h. The responses presented in Fig. 10 show that all sensors 429

responded almost simultaneously after 110 h of exposure. 430

There is a clear difference in the sensitivity between the 431

periodic and randomly perturbed sensors. Forcing the fiber 432

into periodic microbending under the protective coating using 433

a periodically applied hard spray filler caused a decrease 434

in the relative transmission of over 50%, while the relative 435

transmission of the randomly perturbed sensor decreased by 436

only about 10% (see Fig. 10). 437

As will be further presented in the next chapter, periodic 438

stripes offer better and more even fiber adhesion, especially on 439

uneven surfaces. Masking tape with cut strips provides uniform 440

fiber pressure against the target surface over the entire sensing 441

length. This is much harder to achieve with direct bonding 442

of the fiber to the metal surface, since any unevenness can 443

decrease the bonding pressure or even separate the fiber from 444

the target surface. Visual inspection of the samples allows the 445

inspection of the formation of the corrosion under the coating 446

(see Fig. 9). 447

The surface height change of the metal sample was mea- 448

sured on a 1200-μm-long section under the coating prior to 449

the test and was approximately 1 μm (see Fig. 11), while, 450

after the test, it exceeded 5 μm. Over time, random growth of 451
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Fig. 11. 3-D scanned section of the metal sample before and after the accelerated corrosion test. The red line marks the location of the surface height
variation measurement.

Fig. 12. (a) Test sample coated with epoxy primer prior to the test. (b) Test
sample after the test. The red outlines mark the visible signs of corrosion
under the coating.

the rust changes the surface actively under the sensing optical452

fibers, thus causing variations in the transmitted optical power,453

i.e., the relative transmitted optical power tends to decrease454

constantly during the onset of the corrosion process, which455

can be detected reliably.456

More realistic operation of the sensing principle was further457

demonstrated by the preparation of the same experiment458

as described above by using a marine-grade epoxy primer459

(SeaLine) as a protective coating. The latter is designed460

as a corrosion protective layer for metal surfaces operating461

Fig. 13. Results of the test sample coated with epoxy primer.

in marine environments. Again, two pairs of sensors (two 462

periodic and two random perturbation sensors) were prepared 463

on the same metal sample. Three layers of epoxy primer were 464

applied over the sensing fibers using a spray gun according 465

to the manufacturer’s specifications and left to dry fully 466

[see Fig. 12(a)]. 467

The coating thickness was about 35 μm and was obtained 468

through the small uncoated section left on the sample prior 469

to the test and a 3-D laser scanning microscope. This is 470

still substantially thinner than the manufacturer-recommended 471

coating thickness (80–200 μm) to allow accelerated testing. 472

The test sample with sensors was then inserted into the 473

test chamber and exposed to corrosive vapors after the initial 474

period of 18 h. Relative sensors’ transmission started to 475

decrease significantly after 130 h and reached a steady value 476

after 160 h. The steady-state transmission corresponded to 477

about 50% of the initial transmission in the case of the random 478
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Fig. 14. (a) Test setup using OTDR. (b) Prepared test sample for distributed sensing.

perturbation sensors and 25% in the case of the periodic479

perturbation sensors, as presented in Fig. 13.480

While the sensors with the periodic perturbation structure481

exhibited higher sensitivity than the sensors with random482

perturbations, these differences did not appear to be excessive483

in this configuration, which can likely be attributed to similar484

Young’s modulus of the protective coating and spray filler used485

to create the periodic perturbations, which limits the creation486

of the profound periodic sensing fiber’s vertical displacement487

profile.488

D. Experimental Investigation of Sensors for Distributed489

Sensing490

The sensors based on periodic stripes and random pertur-491

bation sensors fixed with protective coating described in the492

previous section both exhibited low initial optical losses and493

can, thus, be mounted over larger surface areas. This provides494

a possibility for the realization of fully distributed corrosion495

sensors, which allows for the localization of the corrosion496

appearance.497

To evaluate the possibility for the realization of distrib-498

uted corrosion sensors, we prepared an experimental setup,499

which consisted of a longer section of the sensing fiber500

(AFM105/125/145), which was fixed to a 6 m long and flat501

steel (S235JR + C) strip using both (periodic and random502

microbend) sensor designs. In the first design, the fiber was503

fixed directly to the metal surface using a primer coating.504

In the second design, the fiber was first fixed to the metal505

surface using periodic stripes and then coated with a protective506

primer, as described in Sections II-B and II-C. Commercial507

marine grade epoxy primer (SeaLine) was used as a protection508

layer. The sensing fibers were connected individually to a509

high-resolution optical time domain reflectometer (OTDR)510

VIAVI MTS6000A with a spatial resolution of 10 cm and511

rms dynamic range of 12 dB, through 10 m of launch/lead512

fiber (WF 105/125/140 P, Ceram Optec) with a core diameter513

of 105 μm and NA of 0.2 (see Fig. 14). Launch fiber was514

inserted to avoid the event dead zone of the OTDR, which515

was 0.2 m. The higher NA of the launch/lead fiber provides516

lower sensitivity to macrobending outside the sensing area and517

provides the delay required for the OTDR receiver recovery518

caused by the reflection from the input connector.519

Fig. 15. Initial OTDR traces of periodic and random microbend corrosion
sensors before exposure to the corrosive environment.

Since the NA of the delay and the sensing fiber is different, 520

a signal level drop in the OTDR trace at the start position of 521

the sensing fiber is expected. 522

An additional 10 m of the standard MM fiber with a core 523

diameter of 62.5 μm was also spliced to the end of the 524

sensing fiber, primarily to decrease back reflection at the end 525

of the sensing fiber and prevent the saturation of the detector. 526

To initiate the corrosion process controllably at predetermined 527

test strip locations, we encompassed the test metal strip locally 528

into three miniaturized test corrosion chambers with widths 529

of 25 cm, located at different positions along the sample, 530

as shown in Fig. 14 (the chambers were located 1.85, 3.3, and 531

4.65 m measured from the beginning of the sensing fiber). 532

For comparison, both sensor types (periodic and random 533

microbend) were prepared on the same metal sample strip. 534

The periodic microbend sensor was prepared using periodic 535

cutouts within the masking tape, which were cut out using a 536

CO2 laser. This simplified and accelerated the manufacturing 537

process of the long masking tape significantly. Fixing the fiber 538

using the masking tape also assured that the fiber was pressed 539

firmly to the metal surface over the entire test length before the 540

application of the spray filler. Mounting of the sensor based on 541

the random perturbation principle on the test strip also required 542

temporary fiber fixing onto the observed surface, which was 543

provided by narrow sections of masking tape located about 544

30 cm apart. After applying the first two layers of the coating, 545
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Fig. 16. OTDR traces obtained during the corrosion process on a sensor based on (a) random microbending and (b) periodic microbending. The red squares
represent corrosion chamber width and locations.

these masking tape sections were removed, and the final two546

layers of the epoxy primer were applied over the entire length547

of the metal test strip (see Fig. 14).548

Both sensor types (randomly and periodically perturbated)549

were connected to the OTDR for initial measurements.550

Pulsewidth of OTDR was set to 1 ns (spatial resolution of551

10 cm, and dynamic range of 12 dB), test range of 50 m,552

and data acquisition time (averaging) was set to 3 min.553

The sensor based on periodic perturbations exhibited larger554

(0.4 dB/m) but overlength uniform initial losses (see Fig. 15).555

The initial losses of the sensing fiber in the random556

perturbation configuration appeared to be similar to the lead557

lead-in fiber losses (0.11 dB/m).558

The corrosion process on the test sample was then provoked559

sequentially by introducing a corrosion atmosphere into the560

test chambers, starting with the chamber at the most distant561

location from the OTDR, i.e., in chamber 3 (CH3). Once562

the sensors began to show the signs of corrosion in a563

specific chamber, corrosion was provoked within the next564

closest chamber. The evolution of OTDR traces over time565

for both sensors is shown in Fig. 16. From all the recorded566

OTDR traces, the appearance of the corrosion process and567

its location along the test strip can be recognized unambigu-568

ously, as the application of the corrosive solution into the569

individual chambers created clearly distinguishable events in570

the OTDR traces at locations that correspond to chamber571

locations.572

The obtained OTDR traces indicate that the periodic per- 573

turbation microbend sensors’ overall sensitivity is higher 574

than sensors using a random microbend design. In the case 575

of periodic perturbation sensors, a fully corroded section 576

within the chamber caused losses, which exceeded the used 577

OTDR’s dynamic range. Thus, the sensing fiber beyond the 578

fully corroded section became undetectable [see Fig. 16(b)]. 579

In contrast, the entire length of the random microbend sensor 580

was visible even at the end of the test [see Fig. 16(a)]. 581

At locations of strong microbending, both sensors generated 582

significant back-reflections, which is a known phenomenon 583

often found in plastic optical fibers [31], [32] but also in silica 584

fibers [33] with large core diameter, low NA, and step-index 585

profile (in our case, we used step-index silica fiber with 586

105-μm core diameter, 125-μm fiber diameter, and NA of 587

0.12). Bending of such fiber causes sufficient changes in core 588

refractive index due to bending stress [34], which further cause 589

backscattering and more efficient local coupling of scattered 590

light. 591

To avoid any other sources of losses that can occur 592

along the fiber during operation of the system (macrobend- 593

ing, connectors, etc.), it is necessary to perform initial 594

measurement after the sensor is installed. All other mea- 595

surements are then compared to the initial measurement. 596

Alternatively, the sensor can be interconnected with high NA 597

lead fibers, which possess high micro- and macro-bend loss 598

tolerance. 599
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E. Discussion: Comparison of Periodic and Random600

Microbend Sensor Designs601

Sensors based on periodic microbend perturbation require602

controlled formation of a firm periodic attachment of the603

sensing fiber onto the observed surface. While there are dif-604

ferent possible ways of achieving this, the proposed procedure605

using masking tape with periodic cutouts and application of606

a spray filler seems straightforward and efficient, as it allows607

for controlled and firm periodic bonding of the fiber onto the608

observed surface, even when the surface has a complex shape.609

This sensor variant also demonstrated the highest sensitivity610

to the onset of corrosion events. Furthermore, the periodic611

microbend perturbation sensor design enables straightforward612

corrosion sensing in cases of uncoated samples. On the613

negative side, periodic attachment can cause larger initial614

optical losses, limiting the operating range of this type of615

sensor significantly when used in distributed configurations.616

Some of these limits can be extended by using the OTDR617

with a larger dynamic range, allowing for observation over618

longer distances. Photocounting OTDRs might be especially619

suitable in case when short-range observations are required.620

Sensors based on random microbending, on the other hand,621

require fewer steps in manufacturing and installation. They are622

intrinsically the simplest in design, e.g., they are essentially623

composed of a proper sensing fiber attached to the observed624

surface by a (protective) coating. However, care must be625

taken when mounting them on more complex/curved surfaces,626

as the fiber must retain good contact with the surface over627

the entire length of the sensor (the coating shall not penetrate628

and form a thin intermediate layer between the fiber and the629

observed surface). The sensitivity of these sensors is lower in630

comparison to periodically perturbed sensor designs. However,631

lower sensitivity does not necessarily lead to a disadvantage in632

the case of distributed sensing configuration. Limited sensor633

responses (lower sensitivity), which do not induce excessive634

optical losses in the fiber, provide more possibilities to monitor635

larger and/or multiple corrosion events along the sensing fiber.636

More importantly, initial losses after installation are the lowest637

in random microbending sensors, which makes this type of638

sensor a preferred choice for constructing distributed sensors639

for monitoring larger areas.640

Both designs could offer the possibility to evaluate the641

corrosion quantitatively; however, many parameters, such as642

corrosion type, metal composition, sensor fixing method, pro-643

tective coating, and environment, can affect the measurement644

result. To consider all of those parameters, a more detailed645

investigation would be required.646

IV. CONCLUSION647

This research yielded two different designs of distributed648

corrosion sensors based on microbend losses capable of649

detecting corrosion and corrosion location under the protective650

coatings.651

Corrosion-induced microbending of the fiber was achieved652

either by depression of the sensing fiber against the observed653

surface or by attaching the sensing fiber periodically to the654

observed surface. In both cases, the volumetric expansion655

of the corroding surface material leads to either random or 656

periodic displacements of the sensing fiber from its horizontal 657

axis, which results in optical transmission loss modulation 658

within the sensing fiber. 659

Several sensors’ design variants were investigated system- 660

atically, while the proposed sensors were configured and 661

demonstrated successfully in a single point and distributed 662

configurations. The proposed sensor designs can also be used 663

on bare metal surfaces or relatively unobtrusively applied 664

underneath corrosion-protective coatings. The investigated 665

sensors are intrinsically simple; their design and production are 666

essentially reduced to a proper fiber selection and mounting 667

onto the observed surface. The latter can be accomplished in 668

different ways, including direct attachment of the sensing fiber 669

to the monitored surface, even by applying an anti-corrosion 670

protective coating that is otherwise utilized for the struc- 671

ture’s corrosion protection. Periodic mounting of the fiber 672

to the surface can also be made, which improves sensitivity 673

and simplifies the mounting procedure but adds to sensor 674

complexity and increases the initial sensor losses. The latter 675

might affect the sensor’ range and the ability to address 676

multiple events in the case of distributed sensor configurations. 677

On the other hand, a periodic attachment structure is straight- 678

forwardly applicable in noncoated or soft-coated monitored 679

surface cases. Both configurations require a proper selec- 680

tion of sensing optical fibers, which shall exhibit sufficient 681

microbend sensitivity. While standard telecom fibers proved 682

to be inadequately sensitive for straightforward sensor realiza- 683

tion, among commercially available fibers, low NA, large-core 684

MM fibers used for high-power laser pump combiner produc- 685

tion provided all the characteristics required for successful 686

sensor design and sensor demonstration. By application of 687

these fibers, a few centimeter long corrosion affected sections 688

provided sufficient loss modulation (within the several decibel 689

range) that can easily be detected by an appropriate optical 690

setup. 691

In the case of distributed sensor configurations, the spatial 692

resolution of the corrosion event localization is limited mainly 693

by the resolution of the OTDR and was about 10 cm in 694

the currently investigated experimental configuration (using 695

high-resolution, cost-efficient OTDR intended for avionics 696

network testing and similar short-range applications). By uti- 697

lizing short-range photocounting OTDRs, this resolution and 698

dynamic range could be improved further. It should also 699

be stressed that this research was limited to commercially 700

available optical fibers. Customization of a sensing fiber, i.e., 701

optimization/adjustment of its NA, core size, outer fiber diam- 702

eter, and fiber primary coating material and coating diameter, 703

which all affect fiber microbend performance profoundly, can 704

provide an opportunity for further optimization and tailoring 705

of microbend corrosion sensors to specific applications. 706

Simplicity and the possibility for straightforward realiza- 707

tion of the described sensors are probably two of the main 708

advantages of the presented concept. Furthermore, unlike other 709

known optical fiber corrosion sensor solutions, the presented 710

sensors require very low-complexity signal interrogation, i.e., 711

intensity interrogation in cases of single-point sensors and use 712

of standard telecom or nearly standard OTDR in a distributed 713
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configuration, which provides possibilities for the design of714

economically viable and attractive solutions.715
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