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ABSTRACT In this paper, a novel, compact, And field-programmable gate array (FPGA)-based coating
impedance detector (CID 2.0) was proposed to rapidly detect the early degradation of coatings. An
FPGA-based hardware design with an embedded analog-to-digital converter and digital-to-analog converter
was successfully applied to develop CID 2.0. A method for generating high-quality signals for FPGA
by using the delta–sigma modulation was used. This method provided higher measurement ranges and
accuracies for detecting coating impedance values. The performance of CID 2.0 was compared with that of
a conventional potentiostat. For comparison, the impedance value of ideal resistors and commercial coatings
was measured using the proposed and conventional methods. The results indicated an optimal correlation
between the impedance values measured using CID 2.0 and that measured using conventional potentiostat in
the range of 106−1010 �-cm2. Furthermore, when the continuous monitoring experiments were conducted,
CID 2.0 exhibited high sensitivity to detect impedance changes associated with the coating delamination
process. The preliminary results suggested that CID 2.0 can be used to observe the changes in the coating
impedance values in the critical range to enable workers to determine whether coating maintenance should
be scheduled.

INDEX TERMS Coating, corrosion monitor, electrochemical impedance spectroscopy, impedance measure-
ment, field-programmable gate array.

I. INTRODUCTION
Metallic materials are usually susceptible to corrosion on
exposure to amoist-air environment. Therefore, several meth-
ods have been developed to prevent corrosion or to control
the rate of corrosion. Among the various corrosion pro-
tection methods, the application of an organic coating on
the surface of the metal is considered as the most effec-
tive and economical method for providing a physical bar-
rier against corrosion. However, most organic coatings are
permeable to water and oxygen; thus, they cannot provide
permanent corrosion protection for the metals. The durability
of organic coating has been causing a considerable concern
among many researchers for many years. Therefore, it is
crucial to understand the deterioration rate of organic coating

The associate editor coordinating the review of this manuscript and
approving it for publication was Dinesh Thanu.

so that preventive maintenance could be scheduled to pro-
long the service life of metals. Electrochemical impedance
spectroscopy (EIS) conducted using a potentiostat has been
considered as a reliable and nondestructive technique for
determining the service life of protective coatings [1]–[14].
However, this method is not suitable for field measurements
because it has several limitations, including the following:
(1) most potentiostats are bulky and expensive, (2) addi-
tional instruments such as counter and reference electrodes
are required for the EIS measurement, and (3) potentiostats
require a large power source for operation. As a result,
the attempts to modify the traditional EIS experimental setup
have been increasing. Researchers have invested considerable
efforts to develop a simplified monitoring system based on
EIS for predicting the protective performance of organic
coatings during the past 20 years [5], [15]–[38]. For example,
Carullo et al. [24]–[26] designed a low-cost and portable EIS
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system based on digital signal processor boards. The device
can measure impedances up to 1 G� with an error of less
than 4% in magnitude and 1◦ in phase. Several researchers
have designed low-cost EIS systems for corrosion moni-
toring [27]–[29]. Angelini et al. [30] described a portable
impedance device for coating. The measurement range of
the device was from a few kilo-ohms to several tens of
gigaohms with an error of approximately 3%. Subsequently,
the authors modified the experimental setup and proposed
an Arduino-based EIS instrument with a logarithmic ampli-
fier [30]. The results revealed that the instrument canmeasure
in the range of 1k�-1G� with an error of approximately 2%.
However, the accuracy was expressed in the laboratory by
using a known capacitor and resistor. The authors selected
a very-wide frequency range (0.1 Hz–10 kHz) to obtain
the complete impedance spectrum. This solution is effec-
tive and can achieve equivalent circuit modeling; however,
it increases the measurement time. Davis et al. [31]–[38]
began developing a coating health monitor (CHM) for Army
ground vehicles in 1999. The CHM was designed to measure
impedance by using three frequencies (0.2, 0.5, and 0.9 Hz).
The efficiency of the CHM was compared with that of the
commercial Gamry potentiostat (Warminster, PA, USA) by
using a resistor–capacitor circuit and a coated specimen. The
results of the CHM were similar to those of the Gamry
potentiostat [38]. Although the CHM is a battery-powered,
wireless microsensor systemwith the EIS function, it may not
be suitable for on-site monitoring because of its high cost and
limited performance (CHM cannot measure a coating with
impedance more than 5× 108 �-cm2.)

In our previous research, a coating impedance detec-
tor (CID) was proposed for rapid evaluation of the protec-
tive properties of coatings [39]. The size of the CID was
designed and set to 4 × 4 × 0.1 cm3 so that it can be easily
applied to on-field applications. However, the first version
of the CID is not a complete system and is only a concept-
proving prototype. A signal source and oscilloscope were
required to complete the measurement in the previous study.
Moreover, in the first version of the CID, we only focused on
the accurate detection of variation in the coating impedance
value in the range of 107 − 109 �-cm2, which encompasses
values of only one order higher than and one order lower
than 108 �-cm2 (a specified impedance value threshold for
good coatings). Thus, in this study, anAltera DE0-Nano field-
programmable gate array (FPGA) microcontroller was used
for developing an innovative, compact coating impedance
detector (CID 2.0). A method for generating high-quality
signals for the FPGA by using the delta-sigma modulation
was applied to provide low-noise and low-signal amplitudes,
which are usually required in electrochemical analysis appli-
cations. As a result, a practical miniaturized detector with
a higher working range and accuracies could be obtained.
The impedance of the commercial epoxy-coated samples
measured using CID 2.0 were compared with the impedance
of the samples measured using the conventional potentio-
stat. Continuous monitoring experiments were conducted to

FIGURE 1. Photograph of CID 2.0.

demonstrate the efficiency of CID 2.0 to monitor the coating
degradation.

II. SYSTEM DESIGN
As displayed in Fig. 1, the hardware of CID 2.0 has two
parts-the digital and analog parts. The digital part con-
tained a commercially available FPGA development board
(DE0-Nano board with an Altera Cyclone IV FPGA). The
analog part contained a custom-made printed circuit board
with a pair of analog-to-digital converters (ADCs), a pair
of unity-gain buffers, an active low-pass filter (LPF), and
power supply circuit. The FPGA was used to implement a
numerically controlled oscillator that was used to generate
sinusoidal signals that are required for Fourier analysis and
excitation signal generation. A single-bit delta-sigma (16)
digital-to-analog converter was also implemented inside the
FPGA, which outputs a 1-bit bitstream to the active LPF on
the analog board. After filtering with the LPF, the output is
a continuous 10-mV sinusoidal signal and is presented as
v1 in Fig. 2 with a tunable frequency. In previous studies,
many researchers have conducted characteristic frequency
analysis to rapidly assess the coating performance [39]. Fur-
thermore, the impedance value at a low-frequency range
in Bode plots is a crucial indicator of the coating perfor-
mance. Consequently, the impedance value evaluated at a
characteristic frequency of 1 Hz (i.e., |Z |1Hz) was selected
for all CID 2.0 measurements. The reference resistor (Zref)
and equivalent coating impedance (Zc) together form an
impedance divider. The voltage v2 is the voltage between Zref
and Zc.
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FIGURE 2. Block diagram of CID 2.0.

According to Kirchoff’s law, the relationship between the
V1 and V2 is given as follows:

V2(1 Hz) =V1(1 Hz)
Zc(1 Hz)

Zref + Zc(1Hz)
(1)

where V1(1 Hz) and V2(1 Hz) are the Fourier transforms of
v1 and v2 at 1 Hz, respectively. As the input impedance of
ADCs is usually considerably smaller than the impedance
of Zc, a pair of unity-gain buffers was inserted before the
ADCs. The input impedance of the unity-gain buffers is
considerably large; thus, v1 and v2 are not affected by loading
effects. The pair of voltages—v1 and v2—are digitized and
sent to the FPGA. The FPGA performs Fourier transform on
v1 and v2 at a frequency of 1 Hz to obtain the V1 and V2
values.

III. EXPERIMENTAL PROCEDURE
In this study, ideal high-value resistors and epoxy-coated
samples with various impedance values in the range of
105 − 109 �-cm2, including steel substrates with an epoxy
coating of different thicknesses (50, 100, and 250 µm),
blistered epoxy coated samples and high-performance com-
mercial coated samples, were fabricated to verify the accu-
racy and performance range of the proposed device. The
impedance was also measured using the conventional poten-
tiostat (Gamry Reference 600) for comparison in this study.
The potentiostat with a standard three-electrode setup was
used, which comprised the coated sample as the working
electrode (WE), a saturated calomel reference electrode (RE),
and a graphite rod as the counter electrode (CE). CID 2.0 was
used with a simplified two-electrode setup, which is more
suitable for installation in the field. The exposed surface area

of the coated sample was 7.8 cm2, and the working electrolyte
was a 3.5 wt.% NaCl solution. The comparison between the
measurement configuration of CID and CID 2.0 is presented
in Fig. 3.

IV. RESULTS AND DATA ANALYSIS
A. MEASUREMENT EFFICIENCY
First, the measurement efficiency of CID 2.0 was evaluated
by measuring ideal resistors that were in the range of 0.1 M�
to 1 G�. The impedance value of various ideal resistors
measured using CID 2.0 and the conventional potentiostat is
summarized in Table 1. The impedance values obtained by
the CID 2.0 and potentiostat in the Table 1 are the mean value
of 10 measurements. Table 1 presents the |Z | values of five
ideal resistors measured using CID 2.0− 1.04× 105, 1.00×
106, 1.01 × 107, 1.00 × 108 and 9.91 ×108 �. Optimal
correlation with minimal differences was observed between
the outputs of CID 2.0 and the conventional potentiostat
while measuring the impedance value of the ideal resistors.
It should be noted that CID 2.0 exhibited less variation in the
quality of data (9.91 × 108 �) on measuring the impedance
value of 1 G� ideal resistors compared with that measured
by previous CID version (7.62×108 �). This suggested CID
2.0 allowed more accurate estimates to be made.

The impedance spectra (i.e., Bode magnitude plots) of the
EISmeasurements for the four coatings are depicted in Fig. 4.
The solid black line for the wide frequency range in the
Bodemagnitude plot represents the impedance datameasured
using the conventional potentiostat, and the red point with
an error bar at 1 Hz indicates the average of the five |Z |1Hz
values measured using CID 2.0. As displayed in the Fig. 4(a),
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FIGURE 3. Comparison of the measurement configuration between
(a) CID and (b) CID 2.0.

the |Z |1Hz value of the 50-µm-thick epoxy-coated sample
measured using the potentiostat was 9.98× 108 �-cm2. The
average of five |Z |1Hz values measured using CID 2.0 for the
same coated sample was 9.75 × 108 �-cm2, with a small
standard deviation (9.43×107�-cm2). In Fig. 4(b), the |Z |1Hz
value of the 100-µm-thick epoxy-coated sample measured by
the potentiostat was 3.97 × 109 �-cm2. The average of five
|Z |1Hz values obtained using CID 2.0 for the same coated
sample was 3.81×109±5.80×107�-cm2. Themeasurement
results obtained using CID 2.0 and the potentiostat for the two
epoxy coatings were in agreement with each other. Notice-
ably, for the coated samples with a higher impedance value (>
1010 �-cm2), the |Z |1Hz value measured using the potentio-
stat was 1.84×1010 �-cm2. In our previous study, some vari-
ation was observed in the impedance values obtained from
these two measurements when a high-quality coated sample
(impedance value >1010 �-cm2) was selected for testing.
However, as presented in Fig. 4(c), the |Z |1Hz value obtained
using CID 2.0 (1.78×1010±6.42×108�-cm2) was similar to
that obtained using the potentiostat. The coated samples with
lower impedance value (<107 �-cm2) were also fabricated
and tested. As presented in Fig. 4(d), the |Z |1Hz value of the
blistered epoxy coated sample measured using the potentio-
stat was 8.66 × 106 �-cm2. In our previous study, a slight
offset between the outputs of CID and the potentiostat was
observed when a damaged coating with lower impedance
values was considered. By contrast, slight or no variation
was observed in the quality of the data obtained using CID
2.0 (8.11 × 106 ± 1.04 × 105 �-cm2) compared with that

FIGURE 4. Comparison of the results between CID 2.0 and the
conventional potentiostat when (a) a 50-µm-thick epoxy-coated sample,
(b) 100-µm-thick epoxy-coated sample, (c) high-performance commercial
coated sample, and (d) blistered epoxy coated sample are used.

obtained using the potentiostat, as presented in Fig. 4(d).
Overall, the performance of the proposed device—CID
2.0—is comparable to that of CID. Moreover, the accuracy of
CID 2.0 of estimating the |Z |1Hz values of high-quality and
damaged coatings is higher than the accuracy of CID.

B. ANALYSIS OF THE CORROSION MONITORING RESULTS
After demonstrating the validity of the results obtained using
CID 2.0, it was necessary to identify whether CID 2.0 can be
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TABLE 1. Measurement data of CID 2.0 and the conventional potentiostat.

TABLE 2. Comparison of the results between CID 2.0 and the conventional potentiostat for a duration of 28 h.

applied in situ to monitor the decrease in the low-frequency
impedance value related to coating degradation. In this exper-
iment, a 250-µm-thick epoxy-coated sample was fabricated
and 3.5 wt.% NaCl solution with 10−4 mole of sulfuric acid
was used as the test solution because the coated samples
likely degrade in a short test time in this environment. Coat-
ing degradation monitoring was conducted using both CID
2.0 and the potentiostat. The results from these two methods
were combined in one figure for comparison.

Fig. 5 displays the Bode plots measured using the poten-
tiostat (color solid line) and time-dependent impedance value
(color points) measured using CID 2.0 for 28 h of immer-
sion. Usually, the epoxy coating exhibited almost a straight
line with high impedance value (more than 1010 �-cm2 at
the lowest frequency of 10−2 Hz) in the Bode plots at the
beginning of the test, thus indicating its excellent barrier
properties maintains a highly capacitive behavior in neutral
solution. However, the Bode plots presented a horizontal
line after the first hour of immersion. This line formation
can be attributed to the resistive behavior corresponding to
the charge transfer reaction and corrosion process occurring
at the coating–substrate interface, demonstrating the early
degradation of epoxy coating exposed to acidic environments.
Notably, a significant decrease in low-frequency impedance
values was observed in the first 24 h of immersion, and fur-
ther deterioration and gradual decrease in impedance values
below 108 �-cm2 were observed after 28 h of immersion.
This implied that the loss of barrier properties corresponded
to the penetration of water and electrolyte through the pores

FIGURE 5. Corrosion monitoring results of a 250-µm-thick epoxy-coated
sample when the conventional potentiostat and CID 2.0 are used.

and defects of the coating up to the metal [40]. A similar trend
was detected in the color points marked on the frequency plot
of 1 Hz. This data demonstrated a high correlation between
the two methods, thus suggesting that CID 2.0 has a higher
probability of detecting damage in the coating and is suitable
for coating degradation monitoring. Table 2 summarizes the
|Z |1Hz values obtained using CID 2.0 and the potentiostat
for the 28 h test. Overall, although the CID 2.0 is not able
to have detailed performance assessment of coatings and
provide kinetic information regarding the corrosion process,
it is extremely useful to monitor the changes in the coating
impedance values in the critical range to help maintenance
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engineers determine whether coating maintenance should be
scheduled. Finally, for the practical aspects and future appli-
cation of use of CID 2.0 in the field, a shield box, which is
used to enclose CID 2.0 should be designed and employed.

V. CONCLUSIONS
An FPGA-based CID 2.0 was proposed and characterized in
this study for rapid detection of the early degradation of coat-
ings. The oscilloscope and signal generator used in the previ-
ous CID version were successfully simplified and integrated
in CID 2.0 by using an FPGA-based hardware design. Con-
sequently, a novel, miniaturized coating impedance detector
with a dimension of 5 cm×9 cm×1.6mmwas developed. The
consistency between the impedance values measured using
CID 2.0 and the conventional potentiostat for a given coating
in the range of 106−1010 �-cm2 demonstrated the reliability
of CID 2.0. CID 2.0 also exhibited an excellent ability tomon-
itor the decrease in the impedance values at a low frequency
that is associated with the degradation of coatings during the
continuous immersion test. The estimated accuracy of CID
2.0 is higher when measurements are conducted on the 106

and more than 1010 �-cm2 grade coatings, thus extending the
applicability of CID 2.0 to monitor material degradation.
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