
  

Coatings 2018, 8, x; doi: FOR PEER REVIEW  www.mdpi.com/journal/coatings 

Article 1 

Corrosion Behavior Evaluation of Coated Steel Using 2 

Fiber Bragg Grating Sensors  3 

Fodan Deng1, Ying Huang1*, and Fardad Azarmi2 4 

1 Department of Civil and Environmental Engineering, North Dakota State University; P.O. 6050, Fargo, ND 5 
58108; Email: fodan.deng@ndsu.edu 6 

2 Department of Mechanical Engineering, North Dakota State University; P.O. 6050, Fargo, ND 58108; Email: 7 
fardad.azarmi@ndsu.edu 8 

* Correspondence: ying.huang@ndsu.edu; Tel: (701) 231-7651 9 

Received: date; Accepted: date; Published: date 10 

Abstract: Coatings either soft or hard are commonly used to protect steel against corrosion for 11 
longer service life. With coatings, assessing the corrosion behavior and status of the substrate is 12 
challenging without destructive analysis. In this paper, fiber Bragg (FBG) grating sensors were 13 
proposed to nondestructively evaluate the corrosion behavior of steel coated with two popular 14 
coatings, including the polymeric and wire arc sprayed Al-Zn coating. Laboratory accelerated 15 
corrosion tests demonstrated that the embedded FBG sensors inside both the soft and hard coatings 16 
can effectively quantify corrosion rate, monitor the corrosion progress, and detect the coating 17 
damages and crack propagation of coated steel in real time. The laboratory electrochemical 18 
corrosion test on the wire arc sprayed Al-Zn coating validated the proposed embedded FBG sensor 19 
method with a good agreement in comparison. The proposed sensing platform provides an 20 
alternative nondestructive real-time corrosion assessment approach for coated steel in field. 21 
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 24 

1. Introduction 25 

Steel is popularly used in modern structures such as bridges, buildings, and pipes, which is 26 

vulnerable to corrosion attacks [1-6]. Steel corrosion is an electrochemical process, which happens 27 

naturally when structure steel meets with water and oxygen concurrently. With the presence of free 28 

electrons, water and oxygen, reduction happens at cathodes, as shown in the reaction below [2, 7]: 29 

2H2O + O2  +  4e−  =  4OH− (1) 

The corrosion reaction consists of a sequence of sub-reactions, ended in consuming steel as well 30 

as producing rust. Corrosion had been recognized as one of the main causes of steel component 31 

degradation due to its ability to substantially lower the cross-section area of component, causing a 32 

substantial deterioration in load-carrying capability of associated structural components [1, 2]. 33 

Corrosion happens in reinforced concrete also had been categorized as one of the most critical type 34 

of degradation [8, 9]. Not only because the corrosion reduces load capacity of steel bars in concrete, 35 

but also that rust is porous so that the enormously increased volume leads to severe cracks in 36 

concrete, resulted in unexpected component failures. Therefore, corrosion significantly impacts the 37 

reliability and safety of steel related application and might cause catastrophic impacts on both human 38 

mailto:ying.huang@ndsu.edu


Coatings 2018, 8, x FOR PEER REVIEW  2 of 20 

 

and environment occasionally if not properly mitigated. The newest estimation for corrosion cost in 39 

2016 had been updated to be 1.1 trillion USD, which accounts for about 6% of the gross domestic 40 

product (GDP) of United States [7]. Protecting steel against corrosion is required for any structures 41 

with steel in corrosive environments. 42 

Since corrosion needs the presence of both water and oxygen, coatings which isolate the metal 43 

substrate from environments is an effective approach to protect steel against corrosion. Based on the 44 

hardness, coatings could be categorized as soft coating [8-10] or hard coating [11-13]. However, 45 

coatings still could fail under certain conditions such as external impacts, abrasions, biology attacks, 46 

water scouring, etc. When the coatings failed, the underlying structure would be exposed to corrosive 47 

environment and subjected to corrosion attacks. To ensure the proper functionality of coatings, 48 

multiple types of technologies can be applied to verify the performance of coatings as well as to 49 

predict service life, including destructive and non-destructive techniques [7, 14-24]. 50 

For destructive corrosion assessment, there are mainly two approaches including weight loss 51 

measurement and electrochemical measurement [14]. Weight loss measurement, which is also known 52 

as exposure test, is simple in concept which measures the weight difference of a coupon (sample) 53 

between a certain time interval while placing it in a controlled corrosive environment. The corrosion 54 

rate is the weight difference divided by the time elapsed because the weight loss on coupon is exactly 55 

the amount of metal consumed by the corrosion reaction. Weight loss measurement is the earliest 56 

attempt to perform quantitative corrosion assessment [15, 17], and is also the direct approach to 57 

accurately measuring the corrosion rate in a certain environment. With statistical study and visual 58 

inspection efforts, weight loss measurement could provide additional information such as common 59 

early signs for corrosion initialization and corrosion types to guide local corrosion mitigation 60 

strategies [18]. However, weight loss measurement is extremely time-consuming and generally takes 61 

months to decades to complete depending on the coupons and environment setups. The excessively 62 

long-term weight loss measurement also could be a problem that at the time measurement was done, 63 

the environment to be simulated had already changed while performing the measurement.  64 

Instead of weight loss measurement, electrochemical measurement or electrochemical 65 

impedance spectroscopy (EIS) can be used, which was first used in corrosion assessment in 1950s, 66 

and fast gained popularity due to its capability of completing measurements in a short period of time 67 

while providing and repeatable and reliable results [14, 15, 19]. Electrochemical measurements also 68 

could be adjusted for long-term corrosion behavior analysis purposes [20, 21]. But both weight loss 69 

and electrochemical measurements are destructive corrosion assessments. Although they are able to 70 

obtain corrosion rate directly, they are not suitable for conducting corrosion assessment on an 71 

existing steel structures. 72 

In such circumstances, several non-destructive corrosion assessment methods have been 73 

developed to evaluate corrosion behavior of coated steel, including ultrasonic and acoustic tools, and 74 

embedded or attached sensors [22, 23]. Ultrasonic measurement method is one of the most popular 75 

non-destructive corrosion assessment methods. It provides high sensitivity, accurate, and immediate 76 

assessment for thickness changes [22-24]. Traditional ultrasonic measurement methods are point-by-77 

point measurement in natural, as it requires ultrasonic wave perpendicularly penetrate the steel, but 78 

researches had shown potential of enlarging measurement range when combined with guided wave 79 

methods [25, 26]. However, the ultrasonic measurement methods are having difficulties perform 80 

assessment on irregular shape parts, and the extensive knowledge requirement for operating and 81 
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understanding the instrument often limits its application. Furthermore, the ultrasonic measurement 82 

requiring human operation on site could hardly become a candidate for real-time monitoring system 83 

of large area. 84 

Acoustic emission (AE) has been widely used for damage monitoring in loaded structures, and 85 

researches is trying to adapt it in corrosion assessment [27, 28]. When there is rapid release of energy 86 

within structure, such as the occurrence of a crack, a set of transient elastic waves are generated and 87 

transmitted started from that release location. By analyzing the properties of AEs transmitted to 88 

receiver, the damage could be categorized and localized. AE method as one type of passive detection 89 

method is suitable for real-time monitoring and provides high sensitivity, however, it would have 90 

low signal-to-noise ratio in field for small cracks. 91 

Electrical resistance based strain gauges are gaining attention recently for corrosion assessment 92 

by measuring electrical resistance changes as corrosion progressing, especially for reinforced concrete 93 

structures. When corrosion reactions happen, although original metal is consumed, the corrosion 94 

products (metal oxides) would occupy several times of volume compared with original metal [8-9, 95 

29-30]. If the corrosion reaction happens in a confined space, the excessive increased volume would 96 

induce a noticeable amount of strain, which could be used as an indicator of corrosion reaction. Based 97 

on these principles, recently, electrical resistance sensors have been investigated to detect metallic 98 

and organic coating degradations [31, 32]. However, electrical strain gauges may have difficulties in 99 

applying corrosion assessment due to moisture and intensive electromagnetic noise.  100 

Fiber optic sensors which are made by silica materials have a great potential as a sensing tool in 101 

strain based corrosion assessment of steel [33-37]. Among all fiber optic sensors, fiber Bragg grating 102 

(FBG) sensors are well-known for its reliability, high sensitivity, and the ease in installation [38, 39]. 103 

The relatively low cost of FBG sensors made large-scale application practical [38, 40-43] and the 104 

chemical inertness of the FBG sensors made them great candidate in corrosion monitoring system. A 105 

few recent attempts to apply FBG sensors in corrosion monitoring of steel rebar in reinforced concrete 106 

had shown the possibility of FBG sensors in corrosion monitoring [36, 44-47]. Recently, the authors’ 107 

group investigated using FBG sensors to detect corrosion in High-Velocity Oxygen 108 

Fuel (HVOF) thermally sprayed metallic coatings [48]. However, limited studies have been 109 

performed on using FBG sensors to monitor corrosion for steel components coated with polymeric 110 

and other metallic coatings. 111 

In this paper, for the first time to the authors’ acknowledge, FBG sensors were investigated to 112 
assess corrosion behavior in real time of steel components coated with two different popularly 113 
applied commercial coatings: the polymeric coating and the wire arc sprayed Al-Zn coatings. The 114 
FBG sensors embedded inside the coatings can measure the corrosion induced strains, which can be 115 
further related to corrosion progress of coated steel to study the corrosion mechanism. This paper set 116 
up the direct relation between the center wavelength changes of embedded FBG sensors and the 117 
corrosion progress changes in addition to the corrosion induced crack/delamination initialization 118 
inside the polymeric and wire arc sprayed coatings. The direct relation was validated through 119 
laboratory experiments. The validated technique presented in this paper provides an onsite real-time 120 
monitoring tools to assess corrosion behavior of coated steel. 121 

2. Operational Principles 122 

The FBG sensor will be used to detect the corrosion in coated steel components. The FBG sensing 123 
unit is fabricated by periodic heating of fiber core using high-power UV laser, inducing a periodic 124 
modulation of the core refractive index. With the modulation, if a broadband light beam is 125 
transmitted through the FBG, part of the incoming light with certain wavelength will be reflected 126 



Coatings 2018, 8, x FOR PEER REVIEW  4 of 20 

 

showing a dip in the reflected light spectrum, known as Bragg wavelength (λB). The Bragg 127 
wavelength needs to meet the Bragg condition with effective refractive index (neff) and grating pitch 128 
(Λ), as [38]: 129 

λB = 2neff ∙ Λ (2) 

The effective refractive index (neff) is determined by the transmitting media, which is optical fiber 130 
core in the case of a FBG. It will not change as there is no material change related to optical fiber core 131 
during its use. However, the grating pitch (Λ) does change with length variation of FBG, whether it 132 
is caused by a temperature raise/drop (ΔT) or an external tension/compression (εc). This will result in 133 
a shift in Bragg wavelength. The amount of Bragg wavelength change with strains or temperatures 134 
can be calculated as below [48]: 135 

𝛥𝜆𝐵

𝜆𝐵

= (1 − 𝑃𝑒) ∙ 𝜀𝑐 + [(1 − 𝑃𝑒) ∙ 𝛼 + 𝜉] ∙ 𝛥𝑇 (3) 

where, 𝑃𝑒 is the photoelastic constant of the fiber, α is the thermal expansion coefficient of the fiber, and ξ is 136 

a temperature related constant. All these parameters can be determined by the material of fiber. 137 
If a reference sensor is selected with 𝜆ref ≈ 𝜆B , the wavelength change after elimination of 138 

temperature effects (Δλ = ΔλB − Δλref) can be expressed as: 139 

𝛥𝜆 = 𝛥𝜆𝐵 − 𝛥𝜆𝑟𝑒𝑓 = (1 − 𝑃𝑒) ∙ 𝜆𝐵 ∙ 𝜀𝑐 (4) 

Hence, with the measurement of Bragg wavelength change of a test sensor and a temperature 140 
compensation sensor (also known as reference sensor), the strain on a FBG can be calculated, which 141 
may further relate to corrosion progressing status.  142 

From Equation (1), it is known that the reduction at cathodes will change the iron into oxidized 143 
iron with size more than six times larger the original iron particles [46-48]. Thus, detecting the 144 
material volume or expansion change using embedded FBG sensors in the coatings of steel 145 
components can potentially reveal the corrosion mechanism. When FBG sensors are embedded inside 146 
coatings on steel, the coating acts as constrains to the FBG sensor with an initial strain, ε0, introducing 147 
an initial Bragg wavelength, λ0. If no corrosion or damage, the Bragg wavelength will only vary with 148 
surrounding temperature. With a temperature reference FBG sensor on site, no Bragg wavelength 149 
change of the test sensor is expected based on Equation (4). However, when corrosion occurs in the 150 
steel substrate as shown in Figure 1, the corrosion products will push the coating up, inducing a strain 151 
on the FBG sensor, εi, that can be monitored by the Bragg wavelength change of the FBG sensors, λi, 152 
where i is the corrosion time step. If the corrosion production is accumulated within a relatively small 153 
area comparing to the total span of the packaged FBG sensor and the expansion of corrosion 154 
productions mainly occurs in vertical direction, the corrosion rate of the coated steel can be obtained 155 
through monitoring of the Bragg wavelength changes of the embedded FBG sensors as below [48]:  156 

CR =
𝜌𝑘2𝑘3𝑘4

𝜆𝐵𝑘1(1 − 𝑃𝑒)
∙

d𝛥𝜆

d𝑡
= 𝛾 ∙

d𝛥𝜆

d𝑡
 (5) 

where CR is the corrosion rate, ρ is the density of the coating, k1 =
ly

2EI
and k2 =

l3

48EI
, which relate 157 

only to the moment of inertia of the cross section with sensors (I), the span of beam (l), half of the 158 
height of cross-section (y), and the modulus of the coating (E). k3 is the linear scaling factor between 159 
volume of corrosion products and induced center displacement, and k4 is the expansion factor 160 
between the volumes of corrosion products and the iron, Δλ is the Bragg wavelength change 161 
measured with the embedded FBG sensor, and γ is the sensitivity of the sensor toward corrosion rate 162 
of metals which can be calibrated with known corrosion rate of one certain material. With laboratory 163 
accelerated corrosion tests, the parameters above in Equation (5) can be calibrated. The calibrated 164 
model can then be applied to various coated steel components for further corrosion assessment. 165 
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 166 

Figure 1. Cross-section of embedded FBG sensors based corrosion monitoring system. 167 

3. Experimental Setup for Accelerated Corrosion Tests 168 

 To validate the effectiveness of the embedded FBG sensors based corrosion monitoring system 169 
for coated steel, laboratory experiments were performed by instrumenting steel plates with 170 
embedded FBG sensing system for both polymeric soft coating and mettallic hard coatings. Both 171 
electrochemical methods and embedded FBG sensors were used for the hard coating, which is the 172 
wire arc sprayed Al-Zn coating, to compare the embedded FBG sensing technology for corrosion 173 
measurements. The electrochemical method is also used to test the corrosion rate for bare steel as a 174 
reference corrosion rate.  175 

For accelerated corrosion tests with embedded FBG sensors, Figure 2 shows the test setup. To 176 
create a corrosive environment for accelerated corrosion, a PVC pipe with a diameter of 2 inch was 177 
fixed on top of the embedded sensors by Loctite heavy duty epoxy adhesive and filled with 3.5wt% 178 
sodium chloride (NaCl) solution. The NaCl solutions were kept at room temperature (22±3°C) during 179 
the entire testing period. In addition to the test samples with embeeded sensors, an additional 180 
temperature compensation sample was made for both polymeric coating and wire arc sprayed Al-Zn 181 
coating to monitor the Bragg wavelength changes with tempeature variances. The Bragg wavelength 182 
changes from all the FBG sensors had been recorded using an optical signal analyzer (National 183 
Instruments PXIe-4844 Optical Sensor Interrogator integrated with PXIe-1071 Controller and PXIe-184 
8133 Chassis) continuously during the testing period with a sampling frequency of 10Hz. Visual 185 
inspections for all the samples were also scheduled at 12:00 p.m. daily to inspect the existence of 186 
corrosion on surface of the samples. 187 

 188 

Figure 2. Accelerated corrosion test set-up. 189 
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All the nine test samples were tested. Table 1 shows the detail test matrix for the coated steel 190 
corrosion assessment used in this study. A36 steel (Standard Steel ASTM A53) was used as substrate. 191 
One bare A36 steel (Sample B) was tested using eletrochemical method for reference. 192 

Table 1. Test sample matrix. 193 

Coatings Electrochemical Method FBG Sensors 

Bare steel  Sample B - 

Polymeric coating  - Sample S#1 ~ S#3 

Wire arc Al-Zn coating  Sample A#4 Sample A#1 ~ A#3 

As seen in Table 1, three polymeric coating (Sample S#1-S#3) were tested using embedded FBG 194 

sensors, respectively. The polymeric coating used in the test was epoxy resin (Duralco 4461, provided 195 

by Cotronics Corp.), which is clear in color and belongs to the amine complex [49]. The applied epoxy 196 

resin cured in room temperature within 16 hours. After FBG sensor was attached on the surface of 197 

the substrate, one layer of epoxy was applied on top of the substrate with thickness approximately of 198 

2 mm. After the epoxy was fully cured, the PVC pipes were fixed on top of the location of sensor 199 

followed by filling with 3.5wt% NaCl solution to create corrosive environment as seen in Figure 2. 200 

The accelrated corrosion tests for polymric coating had run for 6480 hours (270 days).  201 

In addition, three samples coated with wire arc Al-Zn coating (Smaple A#1-A#3) were also tested 202 

using embedded FBG sensors and one sample (Sample A#4) was tested using electrochemical method 203 

as seen in Tabel 1. The Al to Zn compositions in the wire arc sprayed coating is 85% Al and 15% Zn, 204 

which can also be noted as Al-15Zn. For the three wire arc sprayed Al-Zn coated samples tested using 205 

FBG sensors, the coating thickness varied between samples. Figures 3(a, b) show an example cross-206 

section and microscope image of the wire-arc Al-Zn coating. As illustrated in Figure 3(b), the coating 207 

was bonded on the substrate very uniformly. The analysis on the porosity of the wire arc sprayed Al-208 

Zn coating based on Figure 3(b) indicated a porosity of 7% ± 0.6%. The coatings on Sample #A1 and 209 

#A2 had thickness of 2mm, and the coating on Sample #A3 had a thickness of 1.5mm. The coating 210 

thickness for Sample A#4, which used for the electrochemical corrosion testing, was 1.5mm. Before 211 

the accelerated corrosion test was conducted, PVC pipes were also attached on top of each coated 212 

sample as shown in Figure 2 and filled with 3.5wt% NaCl solution for accelrated corrosion testing. 213 

The accelerated corrosion test had run for 350 hours (14 days) on the wire arc sprayed Al-Zn coating. 214 

                         215 

                     (a)                                       (b) 216 

Figure 3. Cross-section of the wire-arc Al-Zn coating (a) and microscope image of wire-arc Al-Zn 217 

coating interface (b). 218 
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For the electrochemical corrosion test on bare steel and wire arc sprayed Al-Zn coating, Tafel test 219 

was performed to obtain the reference corrosion rate, which is one of the most commonly used 220 

approaches for corrosion resistance evaluation of material for short term corrosion behavior [50]. In 221 

this study, a Gamry Reference 600 Potentiostat/Galvanostat/ZRA was used to conduct the Tafel tests. 222 

Figures 4(a, b) show the Tafel test setup. In order to conduct electrochemical corrosion test on the test 223 

sample, a PVC pipe was also attached to the sample and filled with 3.5wt% NaCl solution to create 224 

free electron. After using epoxy to glue PVC pipe to the surface of the coated sample, a conductive 225 

wire connected to the bottom of the sample for connecting testing instrument as shown in Figure 4(a). 226 

A scan rate was set to be 0.1 mV/s for the Tafel test. 227 

   228 
             (a)                                                 (b) 229 

Figure 4. Electrochemical corrosion test set-up (a) and test layout (b). 230 

Since the corrosion is an electrochemical reaction, the corrosion rate could be described by its 231 

reaction rate, or the electron transferring rate, i.e. the current between anode side and cathode side. 232 

In a typical Tafel test, the testing instrument generates a range of potential between the anode and 233 

cathode, by attached counter electrode and working electrode, to excite the oxidation reaction on 234 

anode aside and the reduction reaction on cathode side. At the same time, the instrument also records 235 

the current for each potential generated during this process. As a result, two current vs. potential 236 

curves, one for the anode side and the other for cathode side, can be plotted in one graph, named as 237 

Tafel plot. Figure 5 shows the measured Tafel plot from bare steel sample (Sample B).   238 

 239 

Figure 5. Tafel Plot from bare steel sample (Sample B) 240 

After the Tafel plot was generated, to get the corrosion rate, the linear parts of anode and cathode 241 

side current vs. potential curves are used to find the balance point of anode and cathode side chemical 242 
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reaction. At the balance point, the chemical reaction could continue without external interference, 243 

which means the current at the balance point is the corrosion rate of the testing metal. The measured 244 

corrosion potential is Ecorr, and the corrosion current density is Icorr. The larger value of corrosion 245 

current indicates a less corrosion resistance or a larger corrosion rate, vice versa. Thus, the corrosion 246 

current density can be calculated as follow [50]: 247 

𝐼𝑐𝑜𝑟𝑟 =
 𝛽A ∙ 𝛽C

2.3𝑅P(𝛽A + 𝛽C)𝐴
 (6) 

where the βA and βC are known as Tafel constants, which are the absolute value of slope of linear part 248 

of anode and cathode side polarization curve when current axis is in log scale. Rp is the polarization 249 

resistance, which would be determined once the testing environment is settled down, and A is the 250 

testing area.  251 

By fitting the linear part of Tafel plot graph, the Tafel constants, βA and βC, can be determined. 252 

With the polarization resistance (RP) which determined by the material itself and the two Tafel 253 

constants, corrosion rate can be calculated as follow [50]: 254 

C𝑅 = 𝐼𝑐𝑜𝑟𝑟 ∙
𝐾 ∙ 𝑊𝐸

𝑑
 (7) 

where CR is corrosion rate, K is unit conversion factor, WE is the equivalent weight of tested material, 255 

and d is density of tested material.  256 

Based on Figure 5, the test sample dimensions, and the material property, for bare A36 steel, the 257 

parameters in Equations (6, 7) can be estimated as shown in Table 2. The calculated corrosion rate for 258 

bare steel is 39.263 µm/year from the Tafel test. 259 

Table 2. Parameters used for corrosion rate calculation in bare steel plate sample. 260 

Parameters Value 

𝐼corr / corrosion current density in µA/cm2 3.386 µA/cm2 

K / unit convert constant 128800 

𝑊E / equivalent weight in grams/equivalent 28 

D / density in g/cm3 7.9 

A / sample area in cm2 2.835 

Corrosion rate in µm/year 39.263 

4. Corrosion Behavior Evaluation of Coated Steel 261 

 The corrosion behavior measured using the embedded FBG sensors were evaluated for steel plate 262 
samples coated using both polymeric coating and wire arc sprayed Al-Zn coating. The 263 
electrochemical method was also used to measure the corrosion rate of the wire arc sprayed Al-Zn 264 
coating in addition to the bare steel. Comparison between the FBG sensors and the electrochemical 265 
method for the wire arc sprayed Al-Zn coating was performed to validate the effectiveness of FBG 266 
sensors for monitoring corrosion in coated steel components. 267 

4.1 Corrosion Behavior Evaluation in Polymeric Coating 268 

The corrosion behavior of polymeric coating was assessed using the embedded FBG sensors 269 

through laboratory accelerated corrosion tests. As seen in Table 1, three samples (S#1-S#3) with epoxy 270 

resin coatings were tested. Due to strong corrosion resistance of the epoxy coating, the accelerated 271 
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corrosion experiment run for 6480 hours (270 days) in total. The center wavelength change collected 272 

from FBG sensors were shown in Figure 6(a) before temperature compensation and (b) after 273 

temperature compensation. If the epoxy coating was not damaged, it can isolate the substrate from 274 

corrosive environment outside very well. Thus, corrosion cannot get initiated without the damage of 275 

epoxy coating. It was observed that after the first 144 hours (6 days) short-term effects for coatings 276 

and sensors to be settled down, started from the 144 to 3598 hours (6 to 150 days), the center 277 

wavelength of embedded FBG sensors of samples did not change, except for Sample #S1, which 278 

increased about 20 pico-meters. However, in practical, epoxy coating was vulnerable to external 279 

physical interferences such as impact force, abrasion, and metal cutting. To simulate the corrosion on 280 

epoxy coated steel, after 3598 hours (150 days) as shown in Figure 6(b), a manual cutting damage of 281 

around 2.5 mm in length was intentionally made to the epoxy coating parallel to sensor location. 282 

Selected visual inspection results of the epoxy coated steel samples were shown in Figure 7 for 0 283 

hours (Day 0), 1440 hours (Day 60), 3624 hours (Day 151, which was right after the fabricated cutting 284 

damage), and 6480 hours (Day 270, which was the end of the lab testing).  285 

 286 
(a) 287 

 288 

(b) 289 

Cutting Damage Made to Coating 

Corrosion Initiation 
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Figure 6. Bragg wavelength of embedded FBG sensors with soft coating vs time (a) before 290 

temperature compensation and (b) after temperature compensation 291 

 292 

Figure 7. Visual Inspection of Sample #S1, #S2, and #S3. 293 

It was observed from visual inspection in Figure 7 that Sample #S1 had corrosion initiation 294 

before the cutting damage was made. This contributed to the 20 pico-meter increase in FBG sensor’s 295 

Bragg wavelength change of Sample #S1 started from about 1270 hours (53 days), as shown in Figure 296 

8. This may be induced by the fact that the PVC pipe was attached using a different type of epoxy 297 

before the epoxy coating was fully cured, causing the coating delaminated from the substrate.  298 

Cutting Damage Made to Coating 

Corrosion 

Corrosion 

Corrosion 
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 299 

Figure 8. Bragg wavelength change of Sample #S1.  300 

By taking a closer look at the Bragg wavelength change curve of the three sensors together as 301 

seen in Figure 9, it was found that when the cutting damages were intentionally made to the epoxy 302 

coatings, the Bragg wavelength drop dramatically, indicating damage initialization. After the initial 303 

Bragg wavelength drop, it was followed by a rapid increase similar to corrosion initiation pattern. 304 

This rapid increase suggested that once the epoxy coating had been damaged, the bare steel had 305 

exposed to the corrosive 3.5wt% NaCl solution, and corrosion started to occur on the substrate. 306 

 307 

Figure 9. Bragg wavelength of embedded FBG sensors with polymeric coating with partial 308 

enlargement. 309 

In Figure 9, it was observed that the Bragg wavelength increases were followed by drops, and 310 

each of these drops suggested an internal crack or delamination of the epoxy coating. From the visual 311 

inspection result of 6480 hours (day 270), it can be clearly identified that large portion of epoxy 312 

coating had delaminated from the substrate, and the samples were severely corroded. Also, the 313 
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corrosion rate using Equation (5) after the crack was made were listed in the Table 3. An average of 314 

3.650 µm/year of corrosion rate for steel with delaminated epoxy coating was detected using the 315 

embedded FBG sensors. Comparing to 39.263 µm/year for bare steel, polymeric coating reduces the 316 

corrosion rate significantly even delaminated. The testing results indicated that embedded FBG 317 

sensing system could successfully detect damages, cracks or delamination in polymeric coating and 318 

the corrosion progressing after delamination.  319 

Table 3. Corrosion rate after the cutting damage was manually made to polymeric coating samples. 320 

Sample Number Sample #S1 Sample #S2 Sample #S3 
Average 

Corrosion Rate 

Corrosion Rate 

(µm/year) 
6.040 3.290 1.640 3.650 

4.2 Wire Arc Sprayed Al-Zn Coating 321 

Steel plate coated with wire arc sprayed Al-Zn coating, Sample A#4 was firstly tested using Tafel 322 

test for corrosion rate estimation. The measured Tafel plot of wire arc sprayed Al-Zn coated sample 323 

(Sample A#4) was shown in Figure 10. The corrosion rate of the tested sample was calculated using 324 

Equations (6, 7), and Table 4 listed the parameters estimated from the Tafel test. The corrosion rate of 325 

the wire arc sprayed Al-Zn coating was measured as 2.184 µm/year using the electrochemical method. 326 

 327 
Figure 10. Tafel plot measurement result of wire arc sprayed Al-Zn coated sample. 328 

Table 4. Parameters used for corrosion rate calculation in wire arc sprayed Al-Zn coated sample. 329 

Parameters Value 

𝐼corr / corrosion current in µA/cm2 0.144 µA/cm2  

K / unit convert constant 128800 

𝑊E / equivalent weight in grams/equivalent 32 

D / density in g/cm3 6.9 

A / sample area in cm2 5.491 

Corrosion rate in µm/year 2.184 

Steel plates coated with wire arc sprayed Al-Zn coating were also assessed using the embedded 330 

FBG sensors through laboratory accelerated corrosion tests as indicated in Table 1. Figure 11(a) shows 331 

the data collected from embedded FBG sensing system together with the data collected from the 332 
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temperature compensation sensor during the two-week period, and Figure 11(b) shows the data after 333 

temperature compensation.  334 

 335 

(a) 336 

 337 

(b) 338 

Figure 11. Bragg wavelength of embedded FBG sensors with wire arc sprayed Al-Zn coating vs 339 

time (a) before temperature compensation and (b) after temperature compensation. 340 

 Figure 12 shows selected visual inspection results and Figure 13 compares the SEM images on 341 

the cross-section of the wire arc sprayed Al-Zn coating before and after accelerated corrosion tests. 342 

From Figures 12 (b1~b3) for Samples A#1~3, it can be clearly seen that after 48 hours (Day 2), corrosion 343 

started to occur on the wire arc sprayed Al-Zn coating. Figures 12 (c1~d3) indicates that after 120 344 

hours (Day 5) till 336 hours (Day 14), the corrosion was very intensive and visible micro cracks started 345 

to form and penetrate through the coatings. The comparison of coating cross-section before and after 346 

corrosion in Figure 13 also illustrates that corrosion produced porous corrosion product on the 347 

surface of the coating after corrosion occurred.     348 
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 349 

 350 

Figure 12. Visual inspection results for Sample #A1, #A2, and #A3. 351 
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   352 

(a)                                        (b) 353 

Figure 13. SEM micrographs of the Wire arc deposited Al-Zn coating (a) before and (a) after 354 

corrosion  355 

Based on Figure 11, the corrosion rate of Sample #A1, #A2, and #A3 could be calculated using 356 

the linear increase part of the Bragg wavelength change graph following Equation (5), as shown in 357 

Figure 14. In Figure 14, it was observed that there were multiple spikes on curve of Sample #A1 at 358 

range from 95 hours to 200 hours (4 days to 8 days), indicating the coating structure had been severely 359 

corroded. From Figure 14 and the previous study [48], it can be seen that the corrosion progress of 360 

the wire-arc Al-Zn coating can be divided into three different phases: Phase 0 (P0 in Figure 14) is the 361 

corrosion initialization phase when corrosion products start to fill the pores between adhesive and 362 

FBG sensor; Phase 1 (P1 in Figure 14) is the high corrosion rate phase, at which the slope of 363 

wavelength change curve in Phase 1 reflects the production rate of corrosion products; and Phase 2 364 

(P2 in Figure 14) is the stabilized corrosion progress, when oxygen further diffuses through the 365 

corrosion products and strain caused by corrosion products slowly evanesce, and the remaining 366 

sensor reading on wavelength change curve is primarily remnant stress. Thus, all the experiments 367 

stopped after the coating corrosion stayed in Phase 2 for 168 hours (7 days). From the visual 368 

inspection pictures shown in Figure 12 and 13, it was also confirmed that at bottom left corner of the 369 

sample, severe corrosion had occurred in the coating, and started from 120 hours (Day 5), the coating 370 

delaminated from the substrate. This also caused a higher corrosion rate for Sample #A1, comparing 371 

with Sample #A2 and #A3. Possible reason of higher corrosion rate of Sample #A1 might be a higher 372 

porosity of coating, or unevenly applied coating. The final corrosion rate of the tested three samples 373 

are listed in the Table 5. The average corrosion rate of the wire arc Al-Zn coating is 2.182 µm/year 374 

measured from the embedded FBG sensors. The calculation results suggested that the developed FBG 375 

sensing system could serve as an effective way of real-time onsite corrosion monitoring. 376 

Coating  

Coating  

Coating surfaces  

Porous corrosion product 
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 377 

Figure 14. Bragg wavelength of embedded FBG sensors with wire arc sprayed Al-Zn coating with 378 

linear increase part marked. 379 

Table 5. Corrosion rate of tested wire arc sprayed Al-Zn coated samples. 380 

Sample Number Sample #A1 Sample #A2 Sample #A3 Average 

Corrosion Rate 

(µm/year) 
2.875 1.961 1.712 2.182 

A close look at the changes of curves in Bragg wavelength of FBG sensors as shown in Figure 14 381 

compared with visual inspection results in Figure 12, reveals that several inner coating cracks could 382 

be distinguished by the embedded sensor from 96 hours (Day 4) as shown in Figure 15. After each 383 

crack, the Bragg wavelength of the FBG sensor firstly dropped for a short period, then increased 384 

rapidly, indicating an increase in corrosion rate, until a new crack was formed and then a new 385 

corrosion cycle started. Table 6 showed the corrosion rate of Sample #A1 before each coating crack. 386 

Table 6 showed that the corrosion rate was drastically increased after formation of cracks in the 387 

coating from 5.588 µm/year to 11.938 µm/year. Compared with the initial corrosion rate in Table 5, 388 

the fact that Table 6 showed a higher corrosion rate could be a combined corrosion progressing from 389 

the coating and its substrate after the occurrence of micro cracks. 390 
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 391 

Figure 15. Change of wavelength curves in FBG sensor due to existence of the cracks. 392 

Table 6. Corrosion rate after micro crack formation in hard coating. 393 

Corrosion progress 

Initial point for 

corrosion rate 

calculation  

End point for 

corrosion rate 

calculation 

Interval 

between initial 

point and end 

point 

Wavelength 

Change 

Slope 

Sample #A1 

at Crack # 2 
44.22 pm (92 hrs) 68.69 pm (101 hrs) 

9.12 hours  

(0.38 day) 

11.176 

µm/year 

Sample #A1 

at Crack #3 
52.93 pm (113 hrs) 94.00 pm (129 hrs) 

16.08 hours  

(0.67 day) 

10.668 

µm/year 

Sample #A1 

at Crack # 4 
79.76 pm (148 hrs) 97.38 pm (156 hrs) 

7.92 hours  

(0.33 day) 

9.144 

µm/year 

Sample #A1 

at Crack # 5 
87.79 pm (173 hrs) 97.25 pm (180 hrs) 

6.96 hours  

(0.29 day) 

5.588 

µm/year 

Sample #A1 

at Crack # 6 
65.54 pm (291 hrs) 88.41 pm (299 hrs) 

7.92 hours  

(0.33 day) 

11.938 

µm/year 

4.3 Comparison Between Electrochemical Methods and the FBG Sensors 394 

Table 7 compares the corrosion rate testing results of various coatings using the traditional 395 

electrochemical method and the embedded FBG sensors. For wire arc Al-Zn coating, the measured 396 

corrosion rate from electrochemical method is 2.184 µm/year and the average corrosion rate 397 

measured from the embedded FBG sensors is 2.182 µm/year, with a difference less than 1.0%. The 398 

comparison validated that the embedded FBG sensors can detect the corrosion rate accurately.   399 

Table 7. Comparison of corrosion test results between electrochemical approach and FBG sensors. 400 

Coatings 
Corrosion Rate from 

Electrochemical Method 

Corrosion Rate from embedded 

FBG Sensors 

Bare steel (Sample B) 39.263 µm/year - 
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Wire arc Al-Zn coating 

(Sample A#1 ~ A#3) 
2.184 µm/year 

2.182 µm/year * 

Corrosion progress monitored; 

Crack initiation detected. 

Polymeric coating 

(Sample S#1 ~ S#3) 
- 

Crack initiation detected. 

Corrosion rate after the crack 

tested: 3.650 µm/year *. 

Note: * - all sample average. 401 

5. Conclusions 402 

In this paper, for the first time, corrosion behavior were evaluated for steel coated by polymeric 403 
coating and wire arc sprayed Al-Zn coatings using embedded FBG sensors. From the laboratory 404 
testing results, the following conclusions can be drawn: 405 

1) The embedded FBG sensors can successfully measure the crack initialization and the propagation 406 
of corrosion on steel coated by polymeric coating. The monitored results showed that when 407 
corrosion started to laminate the polymeric coatings, the corrosion rate varied between 1.64 408 
µm/year to 6.04 µm/year under the polymeric coating. Comparing with a 39.263 µm/year for bare 409 
steel, polymeric coating can reduce the corrosion rate even external damages induced 410 
delimitation allows corrosion under the coating.   411 

2) For steel coated by wire arc sprayed Al-Zn coating, the embedded FBG sensors not only measures 412 
the corrosion status inside the coating but also can detect micro cracks induced by corrosion and 413 
monitor the corrosion progress changes with the initiation and propagation of the micro cracks. 414 
The average corrosion rate of the wire arc Al-Zn coating was measured to be 2.182 µm/year from 415 
the FBG sensors, and with micro cracks inside the wire arc sprayed Al-Zn coatings, the corrosion 416 
rate was increased to be 5.588 µm/year to 11.938 µm/year. Thus, for wire arc sprayed Al-Zn 417 
coating, approaches to prevent the prorogation of micro cracks in coatings will significantly 418 
increase the long-term corrosion behavior of the wire arc sprayed Al-Zn coated steel structures. 419 

In the future, more laboratory experiments will be performed to confirm the test results from 420 
FBG sensors by comparing the results to other metal loss detection methods. In addition, future 421 
efforts will also be devoted to develop reliable sensor networks to locate two-dimensional corrosion 422 
in various coatings to investigate the corrosion mechanisms for coated steel. 423 
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