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Abstract: In this study, a time-dependent corrosion depth estimation method using atmospheric
corrosion monitor (ACM) sensor data to evaluate time-dependent corrosion behaviors is proposed.
For the time-dependent corrosion depth estimation of uncoated carbon steel and weathering steel,
acceleration corrosion tests were conducted in salt-spray corrosion environments and evaluated
with a corrosion damage estimation method using ACM sensing data and corrosion loss data of
the tested steel specimens. To estimate the time-dependent corrosion depth using corrosion current
by an ACM sensor, the relationship between the mean corrosion depth calculated from the weight
loss method and the corrosion current was evaluated. The mean corrosion depth was estimated by
calculating the corrosion current and evaluating the relationship between the mean corrosion depth
and corrosion current during the expected period. From the test and estimation results, the corrosion
current demonstrated a good linear correlation with the mean corrosion depth of carbon steel and
weathering. The calculated mean corrosion depth is nearly the same as that of the tested specimen,
which can be well used to estimate corrosion rate for the uncoated carbon steel and weathering steel.

Keywords: uncoated carbon steel; weathering steel; corrosion depth; ACM-type sensor; acceleration
corrosion test

1. Introduction

Steel structures that function as structural members of infrastructure or social structures are
generally exposed to corrosive atmospheric environments, including humidity, temperature, airborne
salt from the sea, and chemical components in certain areas. These atmospheric corrosive environments
result in corrosion problems in steel structures owing to the oxidation characteristics of structural steel
materials. Corrosion damage on the surface of steel structures can produce severe structural problems,
such as the collapse of plate girder bridges, truncation of truss bridge members, or fatigue cracking of
orthotropic bridge decks which have all been reported to degrade structural performance or cause
failure [1,2]. Therefore, it is useful to estimate the time-dependent corrosion damage on the surface
of a steel structure to prevent severe corrosion damage and develop corrosion maintenance methods
based on the independent corrosion environments of steel structures. However, it is difficult to clarify
the time-dependent corrosion damage quantitatively based on independent corrosion environments
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and steel material conditions, such as steel grade or type, as determined by chemical components.
To address these problems, the corrosion losses of steel materials can be monitored by a sensor system.
Impedance-based [3-6] and atmospheric corrosion monitor (ACM) [7-10] sensors using electrochemical
signals have been developed, and electrochemical techniques have been used widely to monitor the
corrosion rate of structures and the corrosivity of corrosion environments [11]. The corrosion rate and
corrosion blister of coating layers have been evaluated using pulsed eddy currents [12,13]. Fe/Ag
galvanic-coupled ACM sensors can be used to evaluate the corrosion environments and corrosion
conditions of steel plates [14-16]. However, it is not clearly established that the corrosion environments
can be evaluated considering the rainfall effect and the corrosion delay effect causing rust layers
for each steel material using the ACM sensors. Thus, an evaluation method of the time-dependent
corrosion behaviors of carbon steel plates was suggested based on the amount of daily average
electricity and considering the ACM sensor output [14-16]. Further, a method of estimating the
time-dependent corrosion depth of a carbon steel plate was proposed that considers various corrosion
environments determined by regional characteristics, such as rainfall and airborne salt [13]. However,
the estimation method for time-dependent corrosion depth can differ according to the steel material.
Particularly, weathering steel, which is generally used for structural members of infrastructures
without anticorrosion coatings, can be evaluated for corrosion damage differently using the proposed
corrosion depth estimation method. Previously, the estimation of the time-dependent corrosion depths
of carbon steel has been examined experimentally from the corrosion product layer [17,18].

In this study, a time-dependent corrosion depth estimation method for carbon steel and
weathering steel is proposed using the corrosion current obtained from an ACM sensor affected
by the corrosion environment based on comparing the time-dependent corrosion depths. Accelerated
corrosion tests for carbon steel and weathering steel were conducted in low salt-spray corrosive
environments and the corrosion currents were measured using an ACM sensor during the test periods.
From the measured corrosion currents and acceleration corrosion tests, the corrosion current was
calculated from the ACM sensor and compared with the mean corrosion depth of the tested specimen.
The corrosion current demonstrated a good linear correlation with the mean corrosion depth of carbon
steel and weathering steel. The real mean corrosion depths of the specimen were compared to the
calculated mean corrosion depths.

2. Prediction Method for Mean Corrosion Depth Based on Corrosion Current

The method of predicting the corrosion rate consists of an electrochemical method and a weight
loss method. An electrochemical measurement made by an ACM sensor relates the galvanic current
to the corrosion rate. ACM sensors have been applied to monitor corrosion in industrial plants and
infrastructures. A linear relationship between the atmospheric corrosion rate and sensor galvanic
current output has been suggested for severe marine and rural environments [19]. However, to obtain
the corrosion rate under an atmospheric environment, the test periods required are long and the
economic costs are high. In this study, the mean corrosion depths were estimated using the corrosion
current and weight loss in less time.

2.1. Measurement of Corrosion Current Using an ACM Sensor

An ACM sensor is composed of two different metal electrodes that are initially insulated from
each other, as shown in Figure 1. When a thin water film is generated on the insulator and the two
electrodes by dew condensation, the two electrodes conduct electrically, and a galvanic current flows
in the sensor. The galvanic current is related to the corrosion rate and the conductance of the water
film by dew condensation. It indicates a high correlation with the corrosion rate of actual metals [9].
However, the galvanic current is known to be larger than the microcell corrosion current of steel
during rainfall [15]. Moreover, the evaluation for the corrosion rate of uncoated carbon steel and
weathering steel should be considered based on the effect of rainfall and formed corrosion products
on steel surface. Because of this problem, the current cannot be easily used to compare the corrosion
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rate of steel. In this study, the error of the corrosion current caused by heat conduction between the
ACM sensor and tested specimen was minimized using a thermally conductive sheet. In addition,
the start and end of rainfall from the corrosion current by the ACM sensor were defined to consider
the rainfall effect. The rain start was observed over 1 pA, and the rain ended when the rate of change
for the corrosion current from the start of rainfall became 1/2 times or less than 1 pA after 10 min.
The corrosion currents from the ACM sensor (output: 0.1 nA to 1 mA, resolution: 0.1 nA (0.1 nA to
10 pA), 1 pA (1 pA to 10 mA)) were measured every 10 min for the carbon steel plate specimens.
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® | Conductive paste | :M _\__- \ /
(Epoxy resin with Ag filler) %
A ” AT S
- Insulation paste Galvanic current
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Figure 1. Layout of an ACM sensor.

2.2. Prediction Method of Corrosion Damage

To evaluate the anticorrosion performance of steel, the most reasonable method is to study the
deterioration rate of steel in an atmospheric corrosive environment depending on the exposure period.
However, the anticorrosion performance of an actual steel structure is limited by the irregularity of the
corrosion rate and deterioration pattern in the installed environment and conditions. The prediction
of corrosion rate using corrosion current tends to overestimate the corrosion depth of the corrosion
damage. The corrosion currents increase linearly with increasing test time and the corrosion damage
decreases with increasing test time in a constant corrosion environment. Therefore, in the method of
predicting the mean corrosion depth using an ACM sensor, the mean corrosion depth was calculated
using the relationships of corrosion depth and corrosion current under the same corrosion environment.

The prediction method was processed from the first to the fourth step, as shown in Figure 2.
First, the corrosion damage was evaluated using the weight loss method depending on the exposure
period by acceleration corrosion test. Next, the output of the ACM sensor was converted to consider
environmental effects such as water vapor, and the accumulated corrosion current was calculated using
the ACM sensor. Subsequently, the relationship equation was used to compare the mean corrosion
depth and corrosion current in the same corrosion environment and exposure period. Finally, the mean
corrosion depth was estimated by calculating the corrosion current during the expected period.

Tested specimen — weight loss ACM sensor — corrosion current (4)
Calculation for corrosion rate using weight loss Calculation for corrosion eurrent

Relationship between corrosion rate and exposure period Analyzing main corrosion factor

Accelerated cyelic corrosion environment
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Figure 2. Flow for prediction method by ACM sensor.
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3. Accelerated Corrosion Test and Results

3.1. Acceleration Corrosion Test Condition and Results

To review and compare the proposed corrosion damage prediction method, as shown in Figure 3,
we conducted accelerated corrosion test [20]. In the conducted accelerated corrosion tests [21], uncoated
carbon steel and weathering steel plates were applied to evaluate the corrosion damage according
to the JWTCS1001 specification. The JWTCS1001 test method evaluates the corrosion resistance of
low-carbon steel in an atmospheric environment with relatively low airborne salt.

The test method was combined in the Phase-A cycle with salt spray and the Phase-B cycle without
salt spray according to the specification [21]. The salt accumulation on the surface of the specimen
in the Phase-A cycle, and, in the Phase-B cycle, corrosion was accelerated to repeat the dry and wet
conditions. The Phase-A cycle consisted of 0.5-h wet periods under air stream at 35 °C and relative
humidity 90%, 0.5-h fog cycle using a solution of 1 wt.%, 1-h wet periods under air stream at 35 °C
and relative humidity 90%, and 6.0-h dry periods under air stream at 40 °C and relative humidity 50%.
The Phase-B cycle consisted of 2.0-h wet periods under air stream at 35 °C and relative humidity 90%,
and 6.0-h dry periods under air stream at 35 °C and relative humidity 90%. Accelerated corrosion tests
were conducted repeatedly in the Phase-A cycle for 144 h and subsequently in the Phase-B cycle for
96 h in a Q-FOG CRH chamber. The corrosive environment conditions applied during the accelerated
corrosion tests are summarized in Figure 3a. The accelerated corrosion tests were performed for 10,
30, 50, and 100 days [20]. Steel plate specimens of 400 mm length, 60 mm width, and 9 mm thickness
were constructed using the Korea Industrial Standard (KS) SM355A and HSB380W structural steel [22].
The focus surface of the specimens was subjected to a blast surface treatment (ISO 8503 Sa2.5), and the
other side was coated with a silicon component for anticorrosion purposes. The mean corrosion depths
were calculated using the weight loss method after rust removal from each specimen. Figure 3b shows
the setup of the accelerated corrosion tests [20].

Wetting Atomizing of 1% Wetting Drying
salt water e

35+1°C 90+5%RH 35+1°C 35£1°C90+5%RH 40£1°C 50+5%RH
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2

Drying Wetting
40£1°C 50+5%RH ¥ 7] 35£1°C 902 5%RH
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Figure 3. Corrosion cycle tests: (a) Test sequence and corrosion conditions of JWTCS1001 [21]; (b) Setup
of the corrosion cycle test in the Q-FOG CRH chamber [20].

In general, the mean corrosion depth was calculated based on weight loss, and the evaluation of
the relationship between the mean corrosion depth and exposure period was used in a power function,
as in Equation (1) [23]:

Y = A-X5, 1)

where Y is the mean corrosion depth (mm), X is the exposure period (years), and A and B are constants.

The mean corrosion depth after 10, 30, 50, and 100 days using the weight loss method is shown in
Figure 4 [20]. The relation coefficient values were obtained from Equation (1). The mean corrosion
depth increased with exposure period, but the amount of increase during each exposure period
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decreased. This could be because extremely compact rust layers were formed, thereby providing
protection against corrosion damage.
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Figure 4. Relationship between mean corrosion depth and exposure period tests: (a) uncoated carbon
steel (SM355A); (b) weathering steel (HSB380W) [20].

3.2. Corrosion Current Using an ACM Sensor

When a thin water film forms on a steel surface, the ACM sensor interprets it as rainfall or dew, and
a galvanic current passes between the substrate (Fe) and conductive paste (Ag). It has been reported
that this galvanic current demonstrates a good correlation with the corrosion rate of metals, such as steel
and zinc. Thus, by measuring the ACM sensor output, the corrosion environments can be evaluated
quantitatively. The ACM sensor output for rainfall was greater than 10 pA (rainfall threshold), and that
for dew was greater than 0.1 pA (dew threshold) [11]. The corrosion current was measured by the ACM
sensor during the acceleration corrosion test, as shown in Figure 5. In the Phase-A cycle, the corrosion
current increased in wet conditions and increased significantly after a salt spray. The corrosion current
was greater than 10 pA for the rainfall threshold. However, the corrosion current of the Phase-B cycle
increased in wet conditions and decreased in dry conditions. The currents in the Phase-A cycle were
larger than those in the Phase-B cycle, which is likely caused by the difference in the amount of salt
that adhered to the surfaces.
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Figure 5. Corrosion current during acceleration corrosion test.
4. Estimated Time-Dependent Mean Corrosion Depth

For a quantitative analysis, the corrosion current was calculated from the ACM sensor outputs
and compared with the corrosion damage of the tested specimens. Figure 6 shows the relationship
between the mean corrosion depth and corrosion current of SM355A and HSB380W. The corrosion rate
tends to decrease as the corrosion current increases. The corrosion current demonstrated a good linear
correlation with the mean corrosion depth of carbon steel and weathering steel. Equations (2) and (3)
were obtained from the linear regressions for 10, 30, and 50 days.



Sensors 2019, 19, 1416

6 0f 9
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Figure 6. Relationship between mean corrosion depth and corrosion current: (a) uncoated carbon steel
(SM355A); (b) weathering steel (HSB380W).

To examine the prediction method for the mean corrosion depth of uncoated carbon steel and
weathering steel, the real and calculated mean corrosion depths of the 100-day specimen were compared.
Figure 7 shows the tested and predicted mean corrosion depth of each steel grade. The calculated mean
corrosion depth is nearly the same as that of the tested specimen, as shown in Figure 8.
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Figure 7. Comparison of real and calculated mean corrosion depths: (a) uncoated carbon steel
(SM355A); (b) weathering steel (HSB380W).
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Figure 8. Validation of mean corrosion depth calculated using Equations (2) and (3): (a) uncoated
carbon steel (SM355A); (b) weathering steel (HSB380W).
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In addition, the long-term corrosion depths were calculated under the measured corrosion current
electricity in the accelerated corrosion tests. Figure 9 shows the mean corrosion depth that was
predicted by the ACM for 1 to 10 years from the calculated long-term corrosion depth of each steel
specimen under the accelerated corrosion test environment. It is difficult to compare the regression
curve of the tests and the prediction curve under a long exposure period, because the amount of
corrosion damage decreased with increasing exposure period in a low airborne salt environment and
because of the uncertainty of the corrosion progression. However, this estimation method can be
useful and effective for the maintenance of steel structures with a corrosion problem according to the
environmental corrosion conditions of the installed steel structure. The method can be improved by
adding the corrosion damage data and results over time.
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Figure 9. Prediction result of mean corrosion depth under long-term exposure period: (a) uncoated
carbon steel (SM355A); (b) weathering steel (HSB380W).

5. Conclusions

In this study, to suggest an estimation method for the time-dependent corrosion depth of carbon
steel and weathering steel, accelerated corrosion tests and measurements of corrosion current using
an ACM sensor were conducted. The measured ACM sensor data were evaluated for examining the
time-dependent corrosion depth of carbon steel and weathering steel exposed to salt-spray corrosive
environments. The corrosion current was evaluated from the ACM sensor and compared with the
corrosion damage of the tested specimens. The corrosion rate tended to decrease as the corrosion
current increased. The corrosion current demonstrated a good linear correlation with the mean
corrosion depth of carbon steel and weathering steel. To examine the prediction method for the
mean corrosion depth of uncoated carbon steel and weathering steel, the tested and predicted mean
corrosion depths were compared. The calculated mean corrosion depth was nearly the same as that of
the tested specimen. In addition, their long-term corrosion depths were calculated for the measured
corrosion current in the accelerated corrosion test. In this study, the long-term corrosion depth of steel
was estimated from limited test results and conditions. However, this method can provide a reference
to maintain steel structures effectively against corrosion damage generated from the atmospheric
corrosion environment in an uncertain steel corrosion problem. The research methods discussed in
this paper proves that the mean corrosion depths can be forecasted through ACM sensors.
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