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Abstract: Corrosion in underground and submerged steel pipes is a global problem. Coatings serve as
an impermeable barrier or a sacrificial element to the transport of corrosive fluids. When this barrier
fails, corrosion in the metal initiates. There is a critical need for sensors at the metal/coating interface
as an early alert system. Current options utilize metal sensors, leading to accelerating corrosion.
In this paper, a non-conductive sensor textile as a viable solution was investigated. For this purpose,
non-woven Zinc (II) Oxide-Polyvinylidene Fluoride (ZnO-PVDF) nanocomposite fiber textiles were
prepared in a range of weight fractions (1%, 3%, and 5% ZnO) and placed at the coating/steel
interface. The properties of ZnO-PVDF nanocomposite meshes were characterized using scanning
electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared (FTIR) and d3; meter.
Electrochemical impedance spectroscopy (EIS) testing was performed during the immersion of the
coated samples to validate the effectiveness of the sensor textile. The results offer a new option for
sub-surface corrosion sensing using low cost, easily fabricated sensor textiles.

Keywords: nanocomposite; electrospinning; ZnO-PVDF fiber mesh; corrosion; sensor

1. Introduction

Applying coatings is a common approach to protect metal surfaces from salt water corrosion.
Electrically insulative polymeric coatings are primarily used for this purpose because of their excellent
corrosion resistance and adhesive properties. However, these protective coatings are subject to
failure because of the prolonged exposure of the coated surface to the harsh corrosive environment.
This degradation or failure of the coating results in corrosion of the metal, causing significant economic
and environmental impact [1]. A recent study in the USA calculated the cost of corrosion to be
$276 billion, corresponding to 3.1% of the U.S. gross domestic product (GDP) [2]. Detection or sensing
the degradation of a coating is very important.

In general, a sensing system is classified into two broad categories: active and passive [3].
When the sensor system induces a change in the coating and an external sensor is required to detect
it, then the system is passive. An example of this are electrical resistance (ER) probes, which can
measure the metal loss from corrosion by measuring the electrical resistance [4]. On the other hand,
systems are termed “active” when the sensing system directly outputs a signal such as color change in
the coating. Active sensors based on color-changing compounds, dyes, and fluorescence materials
for corrosion detection were reviewed by Feng et al. [5]. Color dyes that respond to changes in pH
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occurring from corrosion were analyzed by Augustyniak et al. and Frankel et al. [6,7]. Fluorescent
particles that transition from non-fluorescent to fluorescent states upon contact with salt water have
driven sensors based on oxidation-reduction reactions [1,8,9]. Color dyes have also been used in
embedded microcapsules for corrosion mitigation followed by crack propagation [10].

For buried pipes, both active and passive sensing systems have limits. Active sensing approaches
are limited when one deals with subsurface or immersed pipe systems since the color change is no
longer visible. Passive sensing systems like ER and eddy current testing systems have not been found
to be sensitive enough to detect early stages of corrosion [11-16]. In applications of corrosion, the
main reason for the inadequate performance of optical fiber sensors has been that the sensor itself was
electrochemically reactive [5]. Smart coatings such as self-healing coatings, where physical damage in
a coating is self-repaired to regain barrier properties before metal corrosion occurs, have been gaining
ground [17-21], but serious chemical and mechanical limitations of these coatings have been noted [22].
None of these sensors are compatible with real-time corrosion sensing in an environment under any
coating system. Electrochemical noise detection can be a solution to this, but suffers from serious
limitations as interpreting the noise data quantitatively becomes very difficult at times with the existing
theoretical and mathematical methods [23]. Continuous monitoring via embedded sensing is receiving
much interest [24]. Kittel et al. deposited a gold and nickel metal layer to measure the impedance of
different parts of the coating (i.e., solution + outer layer, inner layer + substrate) [25,26]. Bierwagen
et al. embedded platinum in between two layers of the coating to measure real-time corrosion in
their work [27-30]. A constraint emerges that with a high fraction of sensing elements being metallic,
corrosion can be exacerbated from their use. Regardless of the type of sensor, there is a concern with
cost in wide area application and measurement of the corrosion response.

In this paper, we investigated a sensing element that could be compatible with a real-time
continuous measurement system for corrosion. To overcome the limits of the sensing element being
highly conductive and thereby accentuating the corrosion of the pipe, a non-conductive sensing
textile was used. We utilized polyvinylfluoride (PVDF) as the polymer and evaluated the impact
of adding a non-metallic ceramic filler. To mitigate the cost of the sensor, we used a non-woven
manufacturing approach by using electrospinning. Electrospun PVDF fiber mesh is already known
for its energy-harvesting capacity as the a phase of the PVDF is converted into the § phase through
the electrospinning process, which increases the piezoelectric property [31,32]. In addition to its
energy-harvesting property, the fiber can also be used as a corrosion sensor as it changes its resistance
from a dry state to a wet state and can act as a barrier between steel and corrosion species. The goal
of the approach was to investigate the viability of using a sensing textile at the interface between
the coating and metal substrate. ZnO-PVDF nanocomposite fiber meshes were fabricated using
electrospinning by varying ZnO ratios from 1-5 wt%. To estimate the fiber dimensions within the mesh,
scanning electron microscopy (SEM) was carried out followed by image analysis. The ability of PVDF
to function as a sensor textile is closely related to the crystal structure. The a phase does not provide a
piezoelectric response, but a transformed f phase does. The  phase is typically formed through poling
subsequent to manufacture, but we have recently outlined the transformation in a single step method
that was enabled through electrospinning [33]. The  phase for the PVDF and the ZnO modified meshes
were examined using X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR).
The magnitude of the piezoelectric coefficient (d33) was measured using the d3; meter. Then, the fibers
were embedded in between two layers of epoxy coating over a steel substrate. The performance of fiber
meshes as a sensor was evaluated by using electrochemical impedance spectroscopy (EIS). Viability
of the concept was evaluated by examining the EIS for the textile as a stand-alone system as well
as embedded at the coating-metal interface. The long term application would be to incorporate a
self-powered electric chip with the textile for real-time impedance measurement as it has been growing
in importance [34-36].
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2. Materials and Methods

PVDF pellets (Kynar®?721) were purchased from Arkema with the following properties: density
1.78 g/cm3, melt flow index (MFI) 10 g/10 min, and tensile strength of 54 MPa. ZnO was purchased from
Fisher Scientific Company (Fair Lawn, NJ, USA) with an average particle size of 20-30 nm as declared
by the manufacturer. N,N-dimethylformamide (DMF) and acetone were supplied from Sigma-Aldrich
(St. Louis, MO, USA). The coating was a room temperature curable diglycidyl ether-based epoxy resin
with hardener with a 2:1 stoichiometry, which was obtained from System Three (Lacey, WA, USA).
The low-carbon steel (AISI-SAE 1018) was received from McMaster-Carr (Santa Fe Spring, CA, USA),
and the sea salt was supplied by Lake Products Company LLC (Florissant, MO, USA).

2.1. Preparation of the PVDF and ZnO Nonwoven Textile Mesh

PVDF pellets (18% w/w) were dissolved in DMF/acetone mixture (2:1 by weight) solution by
stirring at 50 °C for 2 h using a magnetic stirrer at 200 rpm. After all the pellets dissolved, ZnO (1%,
3%, and 5% w/w with respect to polymer) was added into the solution. Ultrasonication was performed
with Sonic Vibracell II (25% pulse amplitude) for 5 min to obtain a homogeneous solution. Then,
the solution was loaded into a 5 mL syringe fitted with a 0.038 diameter stainless steel needle and
fed at 0.05 mL/h with a syringe pump (NE-300, New Era Pump Systems, Farmingdale, NY, USA).
Electrospinning was carried out at a voltage of 15 kV using a DC power supply (ES100R-20W, Kansai
Electronics, Osaka, Japan). A rotating roller with non-stick aluminum foil collected the fiber at 400 rpm.

2.2. Nanofiber Mesh Characterization

Surface morphology of the sputter coated fiber meshes was observed by using the FEI Nova
NanoSEM 230 scanning electron microprobe. Crystal structures of PVDF and ZnO-PVDF composite
meshes were examined by using a Rigaku Ultima III X-ray diffractometer. A Scientific Nicolet 6700
Fourier transform infrared (FTIR) spectrometer was used to characterize the functional groups in PVDF
and ZnO-PVDF meshes. Thermal properties of the meshes were studied using a Perkin Elmer DSC6
differential scanning calorimeter. The scanning range was 30 °C to 210 °C at the rate of 10 °C/min to
calculate the melting temperature and enthalpy. A d3; meter was used to measure the piezoelectric
coefficient value of the fiber.

2.3. Preparation of Corrosion Sensor Sample

Steel coupons with dimensions of 50 x 25.4 x 3.2 mm were obtained. First, the steel coupons
were polished using SiC sheets with grit 240 and 600, respectively, as mentioned in ASTM G5 for
corrosion test requirements. After polishing, the coupons were washed with distilled water and
acetone, respectively, and left at room temperature to dry. The epoxy resin was then mixed with
hardener (2:1 by vol.) and applied to the polished coupons by a smooth brush. The coated coupons
were kept at room temperature for 72 h to cure. After the first layer of the coating was completely
cured, a thin layer of the same epoxy resin was applied again onto the coating surface intended for the
sensor. When the sensor (25 x 15 x 0.025 mm) adhered to the coating surface, a copper core electrical
wire was connected onto the embedded sensor using silver paste and kept in an oven at 100 °C for an
hour. Then, the second layer of epoxy resin was applied on the surface, as shown in Figure 1a. A digital
gauge Omega DGT-500 was used to determine the coating thickness of the coupons. The thickness of
the base coat and topcoat was 60 pm, each leading to a coating thickness of 120 + 10 pum.
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Figure 1. Schematic diagram of coated sample and electrochemical impedance spectroscopy (EIS)
experimental setup. (a) Cross section view of prepared sample. (b) Configuration A (actual data):
steel substrate is working electrode (WE), Pt mesh is counter electrode (CE), and Ag/AgCl is reference
electrode (RE). (c) Configuration B (sensor data): steel substrate is WE, Pt mesh is CE, and sensor is RE.

2.4. Electrochemical Impedance Spectroscopy (EIS) Experimental Setup.

To obtain the effectiveness of the sensor in detecting the corrosion/permeation of the fluid,
the sensor textile was compared to a calibrated EIS system. A BioLogic SP-300 EIS machine was
used with a three electrode configuration. For the EIS of the total coating system, Ag/AgCl was used
as the reference electrode (RE), platinum mesh functioned as the counter electrode (CE), and the
steel substrate was the working electrode (WE), as shown in Figure 1b. This setup is referenced as
“Configuration A”. To establish the validity of the sensor, the EIS setup was modified to convert the
sensor textile into the reference electrode, as outlined previously by Bierwagen et al. [30,37]. In this
configuration, as presented in Figure 1c, the reference electrode was replaced by the sensor textile,
with the platinum as the CE and steel as the WE, and the data obtained from this configuration were
marked as sensor data. The EIS was collected in a 4.2% sea salt solution every 24 h for 10 days. The area
sampled was 1 cm?.

3. Results and Discussion

3.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy was used to observe the effect of the concentration of ZnO on the
morphology of fibers as presented in Figure 2. Image] software was used to calculate the diameter of
fibers and the porosity in the fiber meshes. The presence of ZnO reduced the diameter and porosity of
the fibers, as shown in Figure 3 and Table 1. The average fiber diameter was reduced from 0.28 um to
0.16 um and porosity reduced from 7.68% to 6.75%. The conductivity of the solution increased after
adding ZnO to it. A slow flow rate with the addition of ZnO in the solution acted together to reduce
the fiber diameter [38,39]. The O and Zn signals in the EDX chart of the ZnO-PVDF nanocomposite
fiber meshes confirmed the presence of ZnO in the PVDF fiber, as shown in Figure 4. Au picks came
from the sputter coated thin conductive film over the samples.

Table 1. Fiber diameter and porosity.

Sample. Average Fiber Diameter (um) Average Pore Area (um?) Porosity (%)
PVDF Fiber 0.28 +£0.08 0.015 + 0.05 7.68
1% ZnO-PVDF Fiber 0.23 +£0.06 0.013 +£0.03 7.61
3% ZnO-PVDF Fiber 0.20 £ 0.09 0.011 £ 0.05 7.36

5% ZnO-PVDF Fiber 0.16 £ 0.07 0.010 £ 0.03 6.75
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Figure 2. Scanning electron microscopy (SEM) images of (a) the polyvinylfluoride (PVDF) fiber, (b) 1%
ZnO-PVDF fiber, (c) 3% ZnO-PVDF fiber, and (d) 5% ZnO-PVDF fiber.
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Figure 3. Fiber diameter distribution of the non woven textiles (a) PVDE, (b) 1% ZnO-PVDE, (c) 3%
ZnO-PVDF and (d) 5% ZnO-PVDF fiber.
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Figure 4. Energy Dispersive X-ray Spectroscopy (EDS) of (a) 5% ZnO-PVDF and (b) PVDF fiber.
3.2. X-ray Diffraction (XRD)

The X-ray diffraction (XRD) patterns of PVDF and ZnO-PVDF nanocomposite fiber meshes
are shown in Figure 5. The PVDF pellet exhibited two characteristic peaks at 20 = 18.4° and
20.5°, which corresponded to the @ and g crystal phase of PVDEF, respectively. After electrospinning,
the intensity of the a peak decreased and the  peak increased, indicating that the electrospinning process
had enlarged the § phase content of PVDF in all the nanocomposite meshes [31,32]. This happened
due to the application of high electric voltage (15 kV) in the electrospinning process when the random
electric dipoles present in the PVDF solution aligned, which led to the formation of the § phase crystal
structure [32]. The presence of ZnO was confirmed through the peaks at 31.9°, 34.5°, 36.3°, 47.6°, 56.7°,
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62.9°, and 68.1°, corresponding to (100), (002), (101), (102), (110), (103), and (112) crystallographic
orientations, which could be indexed as the hexagonal wurtzite structure of ZnO [40,41]. These peaks
increased in intensity with increasing ZnO nanoparticles in the meshes.
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Figure 5. X-ray diffraction (XRD) pattern of PVDF and ZnO-PVDF fibers.

3.3. Fourier Transform Infrared Spectroscopy (FTIR)

To confirm and examine the crystalline phases indicated in XRD, the FTIR spectra of the
electrospun PVDF and ZnO-PVDF nanocomposite meshes were compared (Figure 6). The PVDF
peaks located at 615 cm™~! (CF, bending and skeletal bending), 762 cm~! (CF, bending), 795 cm~! (CF,
rocking), and 976 cm™! (CH out-of-plane deformation) were attributed to the a phase, whereas the
peaks at 840 cm™! (CH, rocking), 877 cm™! (CF, rocking), 1273 cm™! (CF out-of-plane deformation),
and 1402 cm™! (CHj, scissoring) were considered as the  phase [42-44]. The unprocessed PVDF
pellet exhibited a dominant a phase together with the g phase. After electrospinning, the peaks
corresponding to the @ phase decreased in intensity, while the § crystalline peaks became stronger.
As ZnO was added, the § peak intensity continued to increase. The percentage of the increase in
phase was calculated using Equation (1) and is shown in Table 2 [42]:

F(B) = X x 100 = A x 100 1)
Xa+ Xp 1.26A, + Ag
where F(f) represents the f phase percentage in PVDF; and A, and Ag are their absorption bands at 763
and 840 cm™!, respectively. F() increased around 40% after electrospinning and adding ZnO into the
PVDF fiber increased the § phase further, up to 68% for the 5% ZnO-PVDF fiber mesh. This signified
that both electrospinning and ZnO had a contribution to the § phase of the fiber meshes.

Table 2. Percentage of § phase and piezoelectric coefficient (d33) in the fiber meshes.

Sample F(B) (%) ds3 (pC/N)
PVDFEF Pellet 48.45 5
PVDF Fiber 67.80 32

1% ZnO-PVDF 79.98 52
3% ZnO-PVDF 80.23 55

5% ZnO-PVDF 81.43 56
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Figure 6. Fourier transform infrared (FTIR) spectra of the PVDF and ZnO-PVDF fibers.

3.4. Differential Scanning Calorimeter (DSC)

The impact of the § phase on the mesh as well as the thermal stability of the mesh to withstand the
epoxy coating exotherm was estimated using differential scanning calorimetry (DSC). The results are
shown in Figure 7, where PVDF showed a melting exothermal at ~160 °C. All of the electrospun fiber
meshes exhibited a similar melting temperature (T},), indicating no disruption in the PVDF thermal
transitions. The density of the crystalline phase was analyzed using melting enthalpy and degree of
crystallinity. The melting enthalpy for the nanofiber meshes is shown in Table 3 with the crystallinity

of the meshes based on Equation (2).

AH

where X, is the degree of crystallinity of the fiber mesh; AH® is the melting enthalpy of 100% crystalline
PVDF (105 ]J/g); and AH is the melting enthalpy of ZnO-PVDF meshes. AH was corrected by multiplying
it with the mass fraction of PVDF in the composite fiber. The results in Table 3 showed a small increase
in crystallinity and enthalpy with an increase in ZnO content. The crystallinity of the fiber meshes
also increased to 19.51% for 5% ZnO-PVDE. The results are in keeping with the literature reports of
ZnO-PVDF meshes [45,46].

Table 3. Enthalpy and % crystallinity values obtained from the differential scanning calorimetry

(DSC) curves.
Sample T, (°C) AH (J/g) Corrected AH (J/g) X (%)
PVDF 160.12 19.70 19.70 19.05
1% ZnO-PVDF 161.34 20.13 19.93 19.27
3% ZnO-PVDF 160.41 20.72 20.10 19.44

5% ZnO-PVDF 160.73 21.25 20.18 19.51
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Figure 7. Differential scanning calorimetry (DSC) curves for the PVDF and ZnO-PVDF fiber meshes.

3.5. Piezoelectric Coefficient (dsz3) Test

The piezoelectric coefficient (d33) of a material is the parameter that designates the strength of
the piezoelectric effect of that material. The larger the d3; value, the better the piezoelectric effect [47].
Table 2 represents the magnitude of the piezoelectric coefficient (d33) of the PVDF fiber meshes as a
function of ZnO mass fraction. The d33 of PVDF mesh was 32 pC/N and it increased to 56 pC/N as
ZnO increased to a 5% mass ratio, reflecting a 75% increase. The combination of the g phase of the
fiber and the bulk ZnO nanoparticles contributed to an increase in d3; with a single step electrospun
textile [31,38].

3.6. Electrochemical Impedance Spectroscopy (EILS)

As indicated previously, the sensor viability was determined through a comparison of the
measurements done on the coating in an EIS conventional setup, referred to as Configuration A,
versus a modified three electrode setup to extract the sensor data named Configuration B. EIS testing
was done for all samples in a 4.2% sea salt solution immediately after completing the coating using
Configuration A to study the impact of embedding the sensor into the coating. The impedance |Z|
increased significantly at both low frequency (100 mHz) and high frequency (10 kHz) after adding a
PVDF mesh in between two layers of the coating when compared to the double layer epoxy coating.
The impedance increased even further after introducing ZnO into the fiber meshes, as shown in
Figure 8. This indicates that while |Z| increases with the presence of ZnO, the resistance and capacitance
contributions require additional analysis through an evaluation of an electrochemical equivalent
circuit (EEC).

The EIS data were analyzed using EC-Lab software and employing the electrical circuit model
(Figure 9) validated previously for insulative coatings [48]. The model shows the solution resistance,
the pore resistance and pore capacitance (Ryore and CPEpre), charge transfer resistance (R.t), and double
layer capacitance of the system (CPE;). Constant phase element, CPE, was used instead of a pure
capacitor C in the model to take into account the deviations from ideal dielectric behavior related to
surface heterogeneity, and its impedance at constant phase angle is given by Zcpg = Zyp/jw)", where
n and Z are constant [49]. The capacitance element CPE is a pure capacitor when n = 1 and is a
pure resistor when n = 0. The fitted values extracted were consistent with the Bode plot (Figure 8
and Table 4). A low x2 value (<5 e~2) indicated the goodness of the curve fitting for each sample.
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The coated samples revealed that all circuit parameters (Rct, Rpore, Cpore, and Cyj) increased over that
of the pure PVDFE. The increase was higher for the nanoparticle content of 1 and 3% ZnO. However,
using further nanoparticles (5% ZnO) did not cause significant changes. The Bode plot (Figure 8) of
the as prepared samples support this. It is to be noted that all sensor textiles increased the impedance
over the coating without the sensor textiles, indicating the additional value in using a non-conductive

textile as a sensor.
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Figure 8. Bode magnitude plot for all samples on day 0 in the 4.2% sea salt solution.
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Figure 9. Electrochemical equivalent circuit (EEC) from the EIS data.
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Table 4. Electrochemical equivalent circuit (EEC) parameters at different time and configuration.

C C, Error for Error for R Error Error
o pore dl ct
Day ZnO wt% Conf. Rpare ™MQ) R (GQY) (pF.Sn'l.Cm'z) (p.F.Sn'l.Cm'z) Rpore (%) (%) for Cpore (%) forCer (%)
0 A 248 +£0.13 1.35+0.13 6.13 +£0.51 2.79 +£0.25 492 735 315 561
B 2.36 +0.15 1.25 +0.11 5.94 +0.90 2.63 +0.25
1 A 5.21 +0.48 5.67 +0.52 5.21 +0.48 5.45 + 0.45 458 480 297 304
0 B 497 +£0.59 5.40 + 0.46 938 +1.24 5.23 +£0.40
3 A 7.47 + 1.05 8.51 + 0.88 10.25 +1.03 5.39 + 0.56 402 392 506 6.67
B 7.17 + 0.46 8.18 + 1.01 9.73 + 0.57 5.03 + 0.45
5 A 8.74 + 0.79 10.76 + 0.98 11.49 +£1.04 6.63 + 0.60 612 591 3.89 5.09
B 8.32 +0.73 10.12 + 0.64 11.05 £ 0.75 6.29 + 0.44
0 A 247 +0.17 140 +0.11 591 +0.47 2.74 +0.32 534 623 1.08 512
B 2.34 +£0.22 1.31+0.14 592 +1.27 2.60 +0.35
1 A 5.21 + 0.66 5.67 £0.73 5.21 £ 0.66 5.45 + 0.63 435 307 1.88 283
1 B 498 +0.49 548 +0.61 949 +1.72 5.29 + 0.55
3 A 7.05 + 0.29 8.02 + 0.29 9.68 +0.35 5.08 +0.19 175 315 280 5.03
B 6.93 + 0.47 7.76 = 0.53 9.41 +0.10 4.82 +0.38
5 A 8.34 + 0.56 10.27 + 0.69 10.97 +0.74 6.33 +£0.43 303 482 320 506
B 8.01 £ 0.70 9.78 + 0.26 10.62 +0.20 6.08 +0.33
0 A 2.31 +£0.28 1.35 + 0.08 6.41 + 0.75 2.88 +0.26 6.54 6.19 556 6.01
B 2.16 +£0.18 1.27 £ 0.15 6.06 = 1.07 2.71 +£0.43
81 +0. 52 +0. 81 +£0. 5.58 +£0.72
1 A 2.81 +0.36 452 + (0.58 2.81 +0.36 + 311 35 499 3.8
4 B 2.72 +£0.47 4.36 + 0.34 9.46 + 0.78 5.37 £ 0.57
A 33 +0.24 7.72 +0.2 77 = 0. 39 +0.2
3 633+0 £028  977+036  539+0.20 5.43 243 442 9.94
B 5.99 + 0.56 7.68 = 0.10 9.34 + 0.37 4.86 +0.19
82 + 0. 39 +0. 11.36 + 0.7 47 £0.4
5 A 6.82 + 0.45 9.39 = 0.63 36 +0.76 6.47 +0.43 6.14 441 370 593
B 6.40 + 0.42 8.97+0.17 10.94 + 0.38 6.13 +£0.20
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Table 4. Cont.

C C, Error for Error for R Error Error
° pore dl ct
Day ZnO wt% Conf. Rpore ™MQ) R (GQY) (pF.Sn'l.Cm'z) (p.F.Sn'l.Cm'z) Rpore (%) (%) for Cpore (%) forCer (%)
0 A 0.51 £ 0.55 031 +£0.17 6.66 + 0.81 3.08 +£0.31 941 1447 8.50 771
B 1.46 + 0.49 1.27 £ 0.17 6.10 = 0.86 2.84 +0.40
1 A 1.44 +0.19 1.16 = 0.85 144 +1.31 5.65 +0.72 270 1197 301 10.82
7 B 1.48 £ 0.10 1.02 £ 0.98 9.93 +0.30 5.03 £0.12
3 A 2.53 +0.09 4.67 +0.17 10.62 + 0.39 6.28 +0.22 13.83 1437 9.67 10.22
B 2.18 +0.33 3.99 +0.41 9.60 + 0.59 5.64 +0.38
A 247 £0.16 524 +0.42 12.48 + 0.84 7.07 +£ 047
5 12.20 14.15 8.68 0.30
B 217 +0.17 450 +0.71 11.40 £ 0.71 7.05+0.13
A 10+ 0. 15+ 0. .96 + 0. 15+ 0.
0 0.10 = 0.05 0.15 +0.12 6.96 +0.82 3.15+0.24 26.00 292 9.65 16.30
B 0.07 £ 0.07 0.15 + 0.08 6.28 +0.79 2.64 +0.49
A .09 +£0.21 11 +£0.22 .09 +154 75+1.74
1 009+0 0110 009+154 575+ 17.03 1247 3.93 14.67
10 B 0.08 + 0.39 0.10 + 0.05 12.45 + 3.56 491 +0.28
A 1.67 £0.24 1.02+0.44 10.81 +0.39 7.08 + 0.26
3 19.51 25.07 10.81 10.91
B 1.34 +0.18 0.77 £ 0.12 9.65 +0.76 6.31 =+ 0.35
A 1.78 + 0.32 1.21 +£0.2 12.80 + 0. 7.32 +0.4
5 §+03 +£028 80£099 732049 2470 16.04 9.71 15.36
B 1.34 +0.19 1.02 +0.41 11.56 + 0.67 6.20 +£0.12
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To establish the viability of real-time monitoring, measurements were conducted over time with
continued immersion in a 4.2% sea salt water solution. The coated samples were submersed in 4.2%
sea salt solution for 10 days to perform EIS testing using Configurations A and B. The Bode magnitude
plots associated with Configuration A and B are shown in Figure 10. The EIS shows a plateau region
while transitioning from a high to low frequency. This becomes more apparent on day 7 and beyond.
This indicates that the onset of corrosion has begun and was captured by the sensor textile as well as
by the instrument electrode. The EIS data associated with Configurations A and B show that of the
electrochemical equivalent circuit parameters, Ryore Was the most vital parameter in this model circuit
as Rpore Was the resistance of ion-conducting paths that developed in the coating after being exposed in
a 4.2% sea salt solution for a long time. Reduction of Ry, indicated that the coating had started to
degrade and this work aimed to sense it. The low frequency plateau after day 4 indicates that the direct
current limit of the coating had been reached. The EEC parameters for the sensor textile (Configuration
B) were compared to when the instrument was used as the sensor (Configuration A) by estimating the
percent error of each parameter. For days 1 and 4, the error between instrument data in Configuration
A and sensor data in Configuration B was less than 10%. The Rpor values obtained from Configurations
A and B were consistent with a maximum error of 24.56% on day 10, which indicates that prior to the
corrosive fluid reaching the sensor textile (day 4), the textile provided a higher accuracy. On days 7
and 10, following the permeation of the salt water to the sensor textile, the textile-salt water interaction
had an impact on the net circuit accuracy. Another important circuit element is the charge transfer
resistance (R.¢), which corresponds to the resistance to electron transfer from the steel substrate to salt
solution. R also showed a similar trend to that of Ryore, and dropped along with Ry as the days of
immersion increased. Data obtained from both Configurations A and B were consistent with a similar
range of error noted in Ryor. Both the capacitance Cpore and Cy increased over time, and data obtained
from Configurations A and B were consistent with less than 10% error in all cases prior to the onset of
corrosion (day 7), as shown in Table 4.

1% ZnO-PVDF

@) PVDF 10" (b)
104
109_
~108] L \
t R A
3 Conf. A, Day 1 S *§°”? ﬁ' Bayl
—_— LA, — ——Lont. A, Day
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Figure 10. Cont.
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Figure 10. Instrument (solid lines) and sensor textile (dotted lines) Bode plots. (a) PVDF fiber, (b) 1%
ZnO-PVDF fiber, (¢) 3% ZnO-PVDF fiber, and (d) 5% ZnO-PVDF fiber.

4. Conclusions

In this work, fiber meshes were investigated as potential embedded corrosion sensors in corrosion
coatings. PVDE, a well-known sensor polymer, was modified with ZnO and formed into non-woven
fiber meshes through electrospinning. No poling of the fiber meshes was required. The effect of the ZnO
was to decrease the fiber diameter as the ZnO increased. XRD and FTIR indicated that the § phase of the
meshes increased with ZnO presence. The mesh d;33 increased with ZnO content. The mesh contributed
positively to the polymer corrosion resistance with an increase in impedance as a function of ZnO.
The effectiveness of the sensor was established by comparing the sensor as the reference electrode
versus the instrument electrode using EIS over 10 days to evaluate pre-corrosion and post-corrosion
effectiveness. The EIS results were analyzed using an electrochemical equivalent circuit. The coating
resistance and coating-steel resistance increased with ZnO fraction and decreased with time. The
capacitance of the coating and the capacitance at the coating—steel interface increased with ZnO and
increased with time. Both trends were obtained in both the instrument data and the sensor textile
data. This could be attributed to the contributions of ZnO to the PVDF in increased resistance and
capacitance pre-corrosion as well as increased hydrophobicity from the presence of ZnO [50,51]. EIS
data were compared and it was found that the actual data and sensor data were consistent with a less
than 10% error up to day 4 when the permeation of the fluid through the coating was low. When the
corrosion rate increased and coating degraded, the maximum error was recorded as 24.56% at day
10. This established the viability of the sensor textile. The results offer a low cost, novel approach to
embedded sensors for chemical corrosion detection using a non-conductive sensor textile.

Author Contributions: Conceptualization, N.D.; Data curation, T.C.; Formal analysis, T.C. and N.D.; Methodology,
T.C. and Y.H.H.; Project administration, N.D.; Resources, Narendra Dahotre; Supervision, Narendra Dahotre and
LM.; Validation, T.C.; Writing—original draft, T.C.; Writing—review & editing, N.D. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding. The APC was paid by D’Souza.

Acknowledgments: The authors would like to thank Nabeeha Tariq, Torrance Walker, and Ishan Chhatbar of UNT
for assistance during sample fabrication and to the Materials Research Facility (MRF) and Advanced Materials,
Manufacturing Processing Institute (AMMPI) for characterization support.

Conflicts of Interest: The authors declare no conflicts of interest.



Sensors 2020, 20, 3053 15 0f 17

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Augustyniak, A.; Tsavalas, ].; Ming, W. Early Detection of Steel Corrosion via “Turn-On” Fluorescence in
Smart Epoxy Coatings. ACS Appl. Mater. Interfaces 2009, 1, 2618-2623. [CrossRef]

Koch, G.H.; Brongers, M.P.; Thompson, N.G.; Virmani, Y.P.; Payer, ].H. Corrosion Cost and Preventive Strategies
in the United States. Office of Infrastructure Research and Development; FHWA-RD-01-156; Federal Highway
Administration (FHWA): Washington, DC, USA, March 2002.

Cole, LS. 2-Smart coatings for corrosion protection: An overview. In Handbook of Smart Coatings for Materials
Protection; Makhlouf, A.S.H., Ed.; Woodhead Publishing: Sawston, UK, 2014; pp. 29-55.

Cooper, G.L. Sensing probes and instruments for electrochemical and electrical resistance corrosion
monitoring. In Corrosion Monitoring in Industrial Plants Using Nondestructive Testing and Electrochemical
Methods; ASTM International: Conshohocken, PA, USA, 1986; pp. 237-250.

Feng, W,; Patel, S.H.; Young, M.Y.; Zunino lii, J.L.; Xanthos, M. Smart polymeric coatings-recent advances.
Adv. Polym. Tech. 2007, 26, 1-13. [CrossRef]

Zhang, ].; Frankel, G.S. Corrosion-Sensing Behavior of an Acrylic-Based Coating System. CORROSION 1999,
55,957-967. [CrossRef]

Frankel, G.S.; Buchheit, R.G.; Zhang, J. Corrosion-sensing composition and method of use. U.S. Patent
2003/0068824, 10 April 2003. Available online: https://patents.google.com/patent/US20030068824A1/en
(accessed on 28 May 2020).

Sibi, M.P,; Zong, Z. Determination of corrosion on aluminum alloy under protective coatings using fluorescent
probes. Prog. Org. Coat. 2003, 47, 8-15. [CrossRef]

Li, S.-m.; Zhang, H.-r,; Liu, J.-h. Preparation and performance of fluorescent sensing coating for monitoring
corrosion of Al alloy 2024. Trans. Nonferrous Met. Soc. China 2006, 16, s159-s164. [CrossRef]

Sottos, N.R.; White, SR.; Li, W.; Matthews, C.C. Autonomic Damage Indication in Coatings. US
Patent 10,174,221 B2. Available online: https://patents.google.com/patent/US10174221B2/en (accessed
on 28 May 2020).

Leung, K.C.; Wan, TK,; Chen, L. A Novel Optical Fiber Sensor for Steel Corrosion in Concrete Structures.
Sensors 2008, 8, 1960-1976. [CrossRef]

Cooper, K.R.; Elster, J.; Jones, M.; Kelly, R.G. Optical fiber-based corrosion sensor systems for health
monitoring of aging aircraft. In Proceedings of the 2001 IEEE Autotestcon Proceedings. IEEE Systems
Readiness Technology Conference. (Cat. No.01CH37237), Valley Forge, PA, USA, 20-23 August 2001.
Ahmed, R;; Rifat, A.A; Yetisen, A.K.; Salem, M.S.; Yun, S.-H.; Butt, H. Optical microring resonator based
corrosion sensing. RSC Adv. 2016, 6, 56127-56133. [CrossRef]

Zhang, N.; Chen, W.; Zheng, X.; Hu, W.; Gao, M. Optical Sensor for Steel Corrosion Monitoring Based on
Etched Fiber Bragg Grating Sputtered With Iron Film. IEEE Sens. ]. 2015, 15, 3551-3556. [CrossRef]

Da Silva Marques, R.; Prado, A.R.; Da Costa Antunes, PF; De Brito André, P.S.; Ribeiro, M.R.N.;
Frizera-Neto, A.; Pontes, M.]. Corrosion Resistant FBG-Based Quasi-Distributed Sensor for Crude Oil
Tank Dynamic Temperature Profile Monitoring. Sensors 2015, 15, 30693-30703. [CrossRef]

Li, S.;; Kim, Y.-G.; Jung, S.; Song, H.-S.; Lee, S.-M. Application of steel thin film electrical resistance sensor for
in situ corrosion monitoring. Sens. Actuators B 2007, 120, 368-377. [CrossRef]

Qian, H.; Xu, D.; Du, C; Zhang, D.; Li, X,; Huang, L.; Deng, L.; Tu, Y.; Mol, ] M.C.; Terryn, H.A. Dual-action
smart coatings with a self-healing superhydrophobic surface and anti-corrosion properties. J. Mater. Chem. A
2017, 5, 2355-2364. [CrossRef]

Cui, L.-Y,; Gao, S.-D.; Li, P-P; Zeng, R.-C.; Zhang, F; Li, S.-Q.; Han, E.-H. Corrosion resistance of a self-healing
micro-arc oxidation/polymethyltrimethoxysilane composite coating on magnesium alloy AZ31. Corros. Sci.
2017, 118, 84-95. [CrossRef]

Wei, H,; Wang, Y.; Guo, J.; Shen, N.Z.; Jiang, D.; Zhang, X.; Yan, X.; Zhu, J.; Wang, Q.; Shao, L.; et al.
Advanced micro/nanocapsules for self-healing smart anticorrosion coatings. J. Mater. Chem. A 2015, 3,
469-480. [CrossRef]

Behzadnasab, M.; Mirabedini, S.M.; Esfandeh, M.; Farnood, R.R. Evaluation of corrosion performance of a
self-healing epoxy-based coating containing linseed oil-filled microcapsules via electrochemical impedance
spectroscopy. Prog. Org. Coat. 2017, 105, 212-224. [CrossRef]


http://dx.doi.org/10.1021/am900527s
http://dx.doi.org/10.1002/adv.20083
http://dx.doi.org/10.5006/1.3283932
https://patents.google.com/patent/US20030068824A1/en
http://dx.doi.org/10.1016/S0300-9440(02)00179-0
http://dx.doi.org/10.1016/S1003-6326(06)60166-0
https://patents.google.com/patent/US10174221B2/en
http://dx.doi.org/10.3390/s8031960
http://dx.doi.org/10.1039/C6RA11538A
http://dx.doi.org/10.1109/JSEN.2015.2393559
http://dx.doi.org/10.3390/s151229811
http://dx.doi.org/10.1016/j.snb.2006.02.029
http://dx.doi.org/10.1039/C6TA10903A
http://dx.doi.org/10.1016/j.corsci.2017.01.025
http://dx.doi.org/10.1039/C4TA04791E
http://dx.doi.org/10.1016/j.porgcoat.2017.01.006

Sensors 2020, 20, 3053 16 of 17

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Qian, B.; Michailidis, M.; Bilton, M.; Hobson, T.; Zheng, Z.; Shchukin, D. Tannic complexes coated
nanocontainers for controlled release of corrosion inhibitors in self-healing coatings. Electrochim. Acta 2019,
297,1035-1041. [CrossRef]

Cho, S.H.; White, S.R.; Braun, P.V. Self-healing polymer coatings. Adv. Mater. 2009, 21, 645-649. [CrossRef]
Xia, D.-H.; Song, S.; Behnamian, Y.; Hu, W.; Cheng, E; Luo, J.; Huet, F. Electrochemical Noise Applied in
Corrosion Science: Theoretical and Mathematical Models towards Quantitative Analysis. J. Electrochem. Soc.
2020, 167, 081507. [CrossRef]

Qi, X.; ] Gelling, V. A review of different sensors applied to corrosion detection and monitoring. Recent
Patents Corros. Sci. 2011, 1, 1-7. [CrossRef]

Kittel, J.; Celati, N.; Keddam, M.; Takenouti, H. Influence of the coating—substrate interactions on the
corrosion protection: characterisation by impedance spectroscopy of the inner and outer parts of a coating.
Prog. Org. Coat. 2003, 46, 135-147. [CrossRef]

Kittel, J.; Celati, N.; Keddam, M.; Takenouti, H. New methods for the study of organic coatings by EIS: New
insights into attached and free films. Prog. Org. Coat. 2001, 41, 93-98. [CrossRef]

Bierwagen, G.; Wang, X.; Tallman, D. In situ study of coatings using embedded electrodes for ENM
measurements. Prog. Org. Coat 2003, 46, 163-175. [CrossRef]

Su, Q.; Allahar, K.N.; Bierwagen, G.P. Application of embedded sensors in the thermal cycling of organic
coatings. Corros. Sci. 2008, 50, 2381-2389. [CrossRef]

Su, Q.; Allahar, K.; Bierwagen, G. Embedded electrode electrochemical noise monitoring of the corrosion
beneath organic coatings induced by ac-dc—ac conditions. Electrochim. Acta 2008, 53, 2825-2830. [CrossRef]
Allahar, K.N.; Upadhyay, V.; Bierwagen, G.P; Gelling, V.J. Monitoring of a military vehicle coating under
Prohesion exposure by embedded sensors. Prog. Org. Coat. 2009, 65, 142-151. [CrossRef]

Sorayani Bafqi, M.S.; Bagherzadeh, R.; Latifi, M. Fabrication of composite PVDF-ZnO nanofiber mats by
electrospinning for energy scavenging application with enhanced efficiency. J. Polym. Res. 2015, 22, 130.
[CrossRef]

Wu, H.; Huang, Y.; Xu, F; Duan, Y; Yin, Z. Energy Harvesters for Wearable and Stretchable Electronics: From
Flexibility to Stretchability. Adv. Mater. 2016, 28, 9881-9919. [CrossRef] [PubMed]

Ramesh, D.; D'Souza, N.A. One-step fabrication of biomimetic PVDF-BaTiO3 nanofibrous composite using
DoE. Mater. Res. Express 2018, 5, 085308. [CrossRef]

Randall, T.C.; Islam, S.K.; Mahbub, I.; McFarlane, N.; Yu, Y. A low-power, reconfigurable, pipelined ADC
for implantable bioimpedance measurement system with vertically aligned carbon nanofibers (VACNF)
electrodes. Analog Integr. Circuits Sign. Proces. 2016, 89, 139-149. [CrossRef]

Cheng, K.-S.; Ko, Y.-F; Wang, T. The Application of bioimpedance method for foot sole blood perfusion
characterization. In Proceedings of the 2012 Sixth International Conference on Genetic and Evolutionary
Computing, Kitakushu, Japan, 25-28 August 2012.

Lumbroso, R.; Naas, N.; Beitel, L.K.; Lawrence, M.E; Trifiro, M.A. Novel bioimpedance sensor for glucose
recognition. In Proceedings of the 2007 International Symposium on Signals, Systems and Electronics,
Montreal, QC, Canada, 30 July-2 August 2007.

Bierwagen, G.P,; Allahar, K.N.; Su, Q.; Gelling, V]. Electrochemically characterizing the ac-dc—ac accelerated
test method using embedded electrodes. Corros. Sci. 2009, 51, 95-101. [CrossRef]

Mansouri, S.; Sheikholeslami, T.F.; Behzadmehr, A. Investigation on the electrospun PVDF/NP-ZnO nanofibers
for application in environmental energy harvesting. |. Mater. Res. Technol. 2019, 8, 1608-1615. [CrossRef]
Suyitno, S.; Purwanto, A.; Lullus Lambang G Hidayat, R.; Sholahudin, I.; Yusuf, M.; Huda, S.; Arifin, Z.
Fabrication and characterization of zinc oxide-based electrospun nanofibers for mechanical energy harvesting.
J. Nanotechnol. Eng. Med. 2014, 5,011002-011008. [CrossRef]

Athauda, T.J.; Butt, U.; Ozer, R.R. One-dimensional hierarchical composite materials based on ZnO nanowires
and electrospun blend nanofibers. RSC Adv. 2013, 3, 21431-21438. [CrossRef]

Sun, B.; Li, X.; Zhao, R; Ji, H.; Qiu, ].; Zhang, N.; He, D.; Wang, C. Electrospun poly (vinylidene fluoride)-zinc
oxide hierarchical composite fiber membrane as piezoelectric acoustoelectric nanogenerator. J. Mater. Sci.
2019, 54, 2754-2762. [CrossRef]

Kim, M.; Wu, Y.; Kan, E.; Fan, ]. Breathable and Flexible Piezoelectric ZnO@PVDF Fibrous Nanogenerator for
Wearable Applications. Polymers 2018, 10, 745. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.electacta.2018.12.062
http://dx.doi.org/10.1002/adma.200802008
http://dx.doi.org/10.1149/1945-7111/ab8de3
http://dx.doi.org/10.2174/2210683911101010001
http://dx.doi.org/10.1016/S0300-9440(02)00221-7
http://dx.doi.org/10.1016/S0300-9440(00)00155-7
http://dx.doi.org/10.1016/S0300-9440(02)00186-8
http://dx.doi.org/10.1016/j.corsci.2008.06.010
http://dx.doi.org/10.1016/j.electacta.2007.10.063
http://dx.doi.org/10.1016/j.porgcoat.2008.10.011
http://dx.doi.org/10.1007/s10965-015-0765-8
http://dx.doi.org/10.1002/adma.201602251
http://www.ncbi.nlm.nih.gov/pubmed/27677428
http://dx.doi.org/10.1088/2053-1591/aad156
http://dx.doi.org/10.1007/s10470-016-0805-2
http://dx.doi.org/10.1016/j.corsci.2008.09.023
http://dx.doi.org/10.1016/j.jmrt.2018.07.024
http://dx.doi.org/10.1115/1.4027447
http://dx.doi.org/10.1039/c3ra43672a
http://dx.doi.org/10.1007/s10853-018-2985-x
http://dx.doi.org/10.3390/polym10070745
http://www.ncbi.nlm.nih.gov/pubmed/30960670

Sensors 2020, 20, 3053 17 of 17

43.

44.

45.

46.

47.

48.

49.

50.

51.

Bormashenko, Y.; Pogreb, R.; Stanevsky, O.; Bormashenko, E. Vibrational spectrum of PVDF and its
interpretation. Polym. Test. 2004, 23, 791-796. [CrossRef]

Salimi, A.; Yousefi, A.A. Analysis Method: FTIR studies of 3-phase crystal formation in stretched PVDF
films. Polym. Test. 2003, 22, 699-704. [CrossRef]

Satapathy, S.; Pawar, S.; Gupta, PK.; Varma, K.B.R. Effect of annealing on phase transition in poly(vinylidene
fluoride) films prepared using polar solvent. Bull. Mater. Sci. 2011, 34, 727. [CrossRef]

Choi, S.-S.; Lee, Y.S.; Joo, C.W.,; Lee, S.G; Park, ] K.; Han, K.-S. Electrospun PVDF nanofiber web as polymer
electrolyte or separator. Electrochim. Acta 2004, 50, 339-343. [CrossRef]

Zhao, P.; Wang, S.; Kadlec, A. Piezoelectric and dielectric properties of nanoporous polyvinylidence fluoride
(PVDF) films. In Proceedings of the Behavior and Mechanics of Multifunctional Materials and Composites,
Las Vegas, NV, USA, 18 April 2016. [CrossRef]

Amirudin, A.; Thieny, D. Application of electrochemical impedance spectroscopy to study the degradation
of polymer-coated metals. Prog. Org. Coat. 1995, 26, 1-28. [CrossRef]

Chang, J.; Liang, G.; Gu, A ; Cai, S.; Yuan, L. The production of carbon nanotube/epoxy composites with
a very high dielectric constant and low dielectric loss by microwave curing. Carbon 2012, 50, 689-698.
[CrossRef]

Zhang, X.; Si, Y.; Mo, J.; Guo, Z. Robust micro-nanoscale flowerlike ZnO/epoxy resin superhydrophobic
coating with rapid healing ability. Chem. Eng. J. 2017, 313, 1152-1159. [CrossRef]

Hu, C; Li, Y;; Kong, Y.; Ding, Y. Preparation of poly(o-toluidine)/nano ZnO/epoxy composite coating and
evaluation of its corrosion resistance properties. Synth. Met. 2016, 214, 62-70. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.polymertesting.2004.04.001
http://dx.doi.org/10.1016/S0142-9418(03)00003-5
http://dx.doi.org/10.1007/s12034-011-0187-0
http://dx.doi.org/10.1016/j.electacta.2004.03.057
http://dx.doi.org/10.1117/12.2218896
http://dx.doi.org/10.1016/0300-9440(95)00581-1
http://dx.doi.org/10.1016/j.carbon.2011.09.029
http://dx.doi.org/10.1016/j.cej.2016.11.014
http://dx.doi.org/10.1016/j.synthmet.2016.01.021
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Preparation of the PVDF and ZnO Nonwoven Textile Mesh 
	Nanofiber Mesh Characterization 
	Preparation of Corrosion Sensor Sample 
	Electrochemical Impedance Spectroscopy (EIS) Experimental Setup. 

	Results and Discussion 
	Scanning Electron Microscopy (SEM) 
	X-ray Diffraction (XRD) 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Differential Scanning Calorimeter (DSC) 
	Piezoelectric Coefficient (d33) Test 
	Electrochemical Impedance Spectroscopy (EIS) 

	Conclusions 
	References

