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A B S T R A C T   

This paper presents a novel approach to investigate atmospheric corrosion kinetics of carbon steel under multi- 
droplet conditions. A homemade climate chamber has been developed to accurately control and monitor envi
ronmental conditions, including temperature (T) and relative humidity (RH), during exposure. Carbon steel 
corrosion kinetics are monitored with a custom-designed Electrical Resistance (ER) sensor pair. Savitzky-Golay 
(S-G) based filtering technique has been used for the corrosion signal processing. In parallel, top-view droplet 
temporal evolution has been recorded by microscopic imaging and analyzed for both droplet size distribution 
and the solid-liquid contact angle. The droplet size distribution can typically be described with a power-law form 
curve. The curve shows a decrease in height and a concurrent expansion in width with progressive drying. The 
introduction of NaCl into the electrolyte and surface roughness variations have also been identified to sub
stantially influence the carbon steel corrosion rate. A strong correlation between the corrosion rate derived from 
the ER monitoring method and the RH can be observed. This correlation is further analyzed to incorporate the 
impact of droplet-based electrolyte conditions. This study offers valuable insights into the development of 
mechanistic and kinetic prediction models for atmospheric corrosion.   

1. Introduction 

Atmospheric corrosion usually initiates and proceeds under a thin, 
continuous, or discontinuous electrolyte layer. In either scenario, the 
thin electrolyte film exhibits a low thickness at a scale of several tens of 
micrometers, facilitating the oxygen diffusion through the layer and 
enabling the occurrence of redox reactions at the metal-electrolyte 
interface [1]. This characteristic differs significantly from 
bulk-electrolyte corrosion, where the rate of oxygen diffusion primarily 
governs the kinetics of corrosion [2]. 

Under natural conditions, the formation of the thin electrolyte layer 
typically results from several processes. These include the deliquescence 
of pre-deposited salt, physical condensation initiated by the local tem
perature gradient between the sample surface and the surrounding 
environment, or direct deposition from environmental sources such as 
rain, snow, and fog. Conversely, in accelerated exposure conditions like 
salt spray tests, the thin electrolyte layer usually forms through direct 
deposition. In both cases, the thin electrolyte layer can appear to be 

quite discontinuous due to variations in relative humidity, temperature 
and wind speed[3]. 

The geometry, thickness and chemical nature of the thin electrolyte 
layer are essential in determining oxygen accessibility at the solid-liquid 
interface. When the thin electrolyte layer is discontinuous, or in extreme 
scenarios where the layer resembles a group of droplets, each droplet 
can be considered as an individual electrochemical cell, commonly 
referred to as an Evans droplet [4]. In the context of an Evans droplet, 
the metal located at the center of the droplet usually functions as an 
anode due to a higher local thickness in the thin electrolyte layer, 
resulting in lower oxygen availability at the solid-liquid interface. On 
the other hand, the metal situated under the peripheral part of the 
droplet usually functions as a cathode. The dynamic change in droplet 
geometry during the drying process could also induce internal flows, 
such as Marangoni flow and capillary flow. These flows can lead to a 
dispersion in salt concentration within the droplet when salt is intro
duced [5]. Furthermore, complex changes in droplet geometry, such as 
merging between adjacent droplets, could also occur in scenarios 
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involving multiple dynamic droplets, leading to a change in droplet size 
distribution. 

Previous in-situ investigations into atmospheric corrosion have 
rarely directly focused on the geometry of the thin electrolyte layer. 
These investigations typically involve a direct examination into the in
fluence of various environmental parameters, such as relative humidity, 
temperature, rainfall precipitation, corrosive gases, and particulate 
contaminants, on the corrosion behavior of metals, such as corrosion 
rate and corrosion product formation. Electrochemical techniques such 
as electrochemical impedance spectroscopy (EIS)[3,6,7], galvanic 
couple sensors or atmospheric corrosion monitors (ACM)[8–13] and 
electrochemical noise (EN)[14], or non-electrochemical techniques such 
as electrical resistance (ER)[15–23] and quartz crystal microbalance 
(QCM)[24], have been utilized to study metal corrosion behavior in a 
controlled or monitored environment. Some other studies focusing on 
the thin electrolyte layer geometry usually assume a simplified condi
tion, where the thin electrolyte layer is modelled as either a thin film 
that is homogeneous in thickness and composition[25–27], or as a single 
droplet[28–33]. By adopting this assumption, metal corrosion behavior 
can be assessed with electrochemical methods such as EIS[26,28,29], 
potentiodynamic polarization[25,29,30] and open circuit potential 
measurements[27,31–33]. However, as discussed previously, this thin 
electrolyte layer can also appear relatively discrete and would be more 
accurately described as a group of droplets. Besides, some investigations 
[34–36] have also stated that when relative humidity exceeds the 
threshold for NaCl to deliquesce, several monolayers of absorbed 
moisture could also exist where droplets are not visible. These mono
layers will then introduce continuity among (part of) the droplets, acting 
as bridges to transfer ions between them. Some studies have also 
investigated the electrolyte geometry condition through modeling ap
proaches [29,37]. Jiang et al. [29] have assessed the effect of droplet 
size distribution under multiple-droplet conditions, analyzing it from 
the perspective of the total three-phase boundary (TPB) area. They 
argued that corrosion tends to be less significant under a single large 
droplet than ten smaller droplets when the total solid-liquid contact area 
is equivalent, at 1 cm2 for both scenarios. Van den Steen et al. [37] have 
proposed a steady-state iron corrosion model for single droplet condi
tion, and subsequently extended the analysis to include multi-droplet 
conditions, incorporating the distribution of droplets. Both works have 
revealed a considerable dependence of corrosion rate on droplet distri
bution, which consequently affects the corrosion process. 

This calls for a method where both corrosion kinetics and droplet 
distribution can be studied simultaneously in an in-situ configuration. In 
situations where multiple droplets are involved, non-electrochemical 
methods are often preferred since they can capture corrosion informa
tion even when the thin electrolyte layer is (partially) discontinuous. For 
QCM, a calibration into deposited mass of salt, relative humidity with 
QCM response is always necessary to differentiate corrosion-induced 
mass gain from other factors, such as that resulting from moisture ab
sorption. ER-based corrosion rate assessment is another widely 
employed method since its introduction in the 1950s[38]. Prosek et al. 
[18] have utilized this method to study the corrosion kinetics of both 
carbon steel and zinc during atmospheric corrosion tests, and later 
applied the same technique to assess the corrosion rate of bronze in an 
atmosphere where formic or acetic acid is also present[19]. Diler et al. 
have employed this method to investigate the degradation of both 
metallic and organic coatings on carbon steel during atmospheric 
corrosion tests[15]. Subsequently, they have examined the deviation 
between ER-based corrosion depth from the mean localized corrosion 
depth and emphasized that such deviation is directly related to the 
distribution and size of pits[16]. Regarding the electrical conductivity of 
the thin electrolyte layer itself, Rafefi[21] has studied the possible short 
circuit effect by this layer during electrical resistance measurements, 
and confirmed that such an effect is negligible even when dealing with a 
fluid possessing electrical conductivity equivalent to that of seawater. 
Nevertheless, there is still a research gap concerning the impact of the 

precise geometry of the thin electrolyte layer on corrosion, which calls 
for further investigations. Additionally, effective signal filtering tech
niques are also essential for accurately retrieving real-time corrosion 
depth and corrosion rate from the acquired electrical resistance signals. 
With these parameters determined, it is possible to further analyze the 
relationship between corrosion rate and various factors, such as droplet 
geometry and environmental parameters. 

This work proposes a setup where corrosive multi-droplet-based 
electrolyte condition is created, and the corrosion rate is actively 
monitored using the electrical resistance method. The sample surface is 
simultaneously monitored with an optical microscope, from which both 
droplet distribution evolution and corrosion product formation can be 
visualized. Special attention has been paid to lowering the effect of 
thermal noises while keeping droplet boundaries recognizable under the 
optical microscope. A detailed discussion into corrosion signal and 
image processing has also been addressed. 

2. Materials and methods 

2.1. The climate chamber 

While this work focuses on corrosion under multi-droplet-based 
electrolyte condition, ideally, after the initial formation of droplets on 
the metal surface, the droplets should be maintained as long as possible. 
This is crucial because corrosion takes time to initiate, progress and 
become optically observable under the microscope. This is achieved 
with a homemade climate chamber, the details of which will be provided 
in the result section. An environmental probe (HygroSmart HS3 probe, 
Michell Instruments, United Kingdom) is included for environmental 
conditions monitoring. To accurately record the initial conditions, all 
monitoring channels are started prior to introducing the corrosive 
environment. These include the monitoring of environmental conditions 
with the environmental probe, as discussed above, corrosion kinetics 
monitoring using the electrical resistance track pair, and droplet evo
lution monitoring with a camera and lens, which will be discussed 
subsequently. 

2.2. The electrical resistance (ER) method 

The ER method monitors corrosion kinetics by actively measuring 
metal sample electrical resistance. As corrosion progresses, metal will 
gradually transform into oxides, which possess significantly lower 
electrical conductivity compared to the uncorroded metal. Conse
quently, the resistance of the sample will increase. In the case of at
mospheric corrosion, localized corrosion usually first appears at discrete 
sites and gradually spreads over the sample. These local corrosion 
products can also deviate in size, shape, and depth. Considering the 
specific configuration of localized corrosion products, the electrical 
resistance (R) of a corroding sample can be described with Eq. (1), using 
the electrical resistivity of iron (ρ) without accounting for temperature 
variations. 

R = ρ
∫ L

0

1
A(l)

dl = ρ
∫ L

0

1
∫W

0 h(l,w)dw
dl (1)  

Here, L (or l for specific location), W (or w), and H (or h) represent 
length, width, and height (or thickness) of the sample, respectively. The 
electrical currents flow in the length direction of the sample. L and W are 
constant throughout the test, while H decreases because of corrosion. 
Due to the complexity in Eq. (1), sample electrical resistance is simpli
fied to Eq. (2) by assuming thickness loss is the same over the whole L-W 
plane. 

R = ρ L
H • W

(2) 

Sample electrical resistance is continuously monitored with an 
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EL3692 EtherCAT terminal, coupled with an EK1100 EtherCAT coupler 
for power supply (provided by Beckhoff Automation GmbH & Co. KG, 
Germany). Four-wire measurements are performed to eliminate contact 
resistance. To account for the effect of temperature, a reference track 
(Rref), composed of the same material as the sensor track (Rsens) which is 
actively corroding, is also included and placed in the same environment 
as the sensor track. Additionally, it is covered with a moisture-blocking 
layer to prevent its exposure to the corrosive environment. 

By continuously monitoring Rref and Rsens, corrosion depth (ΔH(t)) 
can be obtained with Eq. (3), where t0 and t represents the initial state 
and the state at the time of measurement, and h0 represent the initial 
thickness of the substrate. 

ΔH(t) = h0 •

(

1 −
Rref (t0)
Rsens(t0)

/
Rref (t)
Rsens(t)

)

(3) 

As reported in the standards ASTM G96 and ISO 11844–2 [39,40], 
insufficient temperature compensation remains a challenge for the 
electrical resistance method, even with the implementation of a refer
ence track. Efforts have been made throughout previous studies to tackle 
this issue, mainly through two approaches: precise temperature control 
by keeping fluctuations within a narrow range [3,19], or restricting 
corrosion analysis to period where both temperature and relative hu
midity are stable [18]. 

Track geometry also plays a crucial role in minimizing thermal 
noises. In general, a larger L, and smaller W and H is preferred to 
enhance the detection of corrosion effects by amplifying the change in R 
for the same corrosion depth. Such geometry can, however, potentially 
result in a delay in heat transfer between the track and the environment 
when there is a sudden change in environment conditions, due to an 
increased track heat capacity. Furthermore, the presence of moisture- 
blocking material on the reference track may further contribute to this 
delay in its thermal responses to environmental changes. To address this 
issue, efforts have been made to enhance the heat exchange between the 
reference track and the environment, with further details to be discussed 
in the result section. 

Additionally, a proper filtering technique is applied on electrical 
resistance signals to extract the underlying trend. The details about 
electrical resistance signal filtering method are described in the Sup
plementary Information, under Section 1. 

2.3. Variable correlation analysis 

The Pearson correlation (Eq. (4)), a widely accepted criterion for 
evaluating the linearity between two variables, is employed in this study 
to assess the linear correlation between the electrical resistance of 
reference and sensor track with the ambient temperature. Later, this 
criterion is also applied to assess the relationship between relative hu
midity and corrosion rate. 

rx,y =

∑n
i=1(xi − x)(yi − y)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(xi − x)2
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑n
i=1(yi − y)2

√ (4)  

Here, rx,y denotes Pearson correlation coefficient, x and y represent 
variables. Specifically, x and y represent the mean value of x and y. 

2.4. Materials and roughness quantification 

The electrical resistance samples are prepared by cold-cutting from 
EN 10139 DC01-C590 carbon steel sheet measuring 25 µm thickness 
(Georg Martin GmbH, Germany). The elemental composition is as fol
lows: 0.12 wt% C, 0.6 wt% Mn, 0.05 wt% P, 0.045 wt% S, with the 
remainder being Fe. Two different surface finishes have been applied to 
the electrical resistance track pairs to facilitate various aspects of the 
study. Initially, one group of the samples is finished with 3 µm colloidal 
silica polishing suspension. This finish is chosen to minimize 

background distortion and enhance the clarity of droplet distribution, 
aiding droplet image analysis. The second group is finished with 2000 
grit silicon carbide (SiC) grinding paper. This choice is based on an 
analysis into the results obtained from the 3 µm samples, details of 
which will be addressed later in the result section. After surface prepa
ration, all samples are rinsed with deionized water (18.2 MΩ cm) fol
lowed by isopropanol, and then dried with compressed air. All samples 
are stored in a drying box for 1 day before the exposure test. Sample 
surface roughness is analyzed with atomic force microscopy (AFM) and 
quantified by the roughness average (Ra) according to ISO 4287[41]. 

2.5. Droplet evolution monitoring 

Droplets are pre-deposited onto the sample surface by spraying to 
avoid a fast evolution in droplet distribution configuration, which can 
add extra complexity to droplet image analysis. Following the initial 
deposition of droplets, moisture composed of the same electrolyte as the 
droplet is generated by a humidifier (Spring light wood diffuser, Asa
kuki, Japan) and then introduced to the chamber to increase the relative 
humidity. The droplet geometry is continuously monitored with a 
camera (Manta G319-B camera provided by Allied Vision Technologies 
GmbH, Germany, with sensor pixel size being 3.45 µm×3.45 µm) and 
lens (10X telecentric objective lens and 3X compact objective lens, both 
provided by Mitutoyo Corporation, Japan) system. The metal surface is 
illuminated with a ring light to enhance the visualization of the droplet 
boundaries[42]. To avoid any potential damage caused by moisture, 
both camera and lens are positioned outside the climate chamber. 

2.6. Droplet image analysis method 

A Python program has been developed for auto-recognition of 
droplets. As an illustration, Fig. 1a shows a snapshot of the image ac
quired with the camera and 10X lens on a sample finalized with 3 µm 
polishing suspension. As presented in the figure, each droplet is identi
fiable through a distinct bright contour (indicated with blue arrows) 
projected from the ring light for illumination. This study uses the bright 
contour for droplet size analysis due to its proximity to the droplet 
perimeter. 

As discussed in the introduction, droplet contact angle can have a 
great impact on corrosion kinetic by affecting oxygen concentration at 
the metal-liquid interface. The conventional methodology for droplet 
contact angle measurement typically involves observing a sessile droplet 
from side-view with a goniometer[43]. This approach is, however, less 
applicable when dealing with multiple dynamic droplets that are coex
isting and undergoing drying on the same surface. Overlapping or 
obscuring of droplets in a side-view can occur, making geometrical 
analysis difficult. This study analyzes the contact angle directly from the 
top-view droplet distribution image (Fig. 1a), using a method proposed 
by Campbell and Christenson[43]. As illustrated in Fig. 1b, in addition to 
the bright contour highlighted with blue arrows, a smaller second con
tour with lower brightness, indicated by yellow arrows, can also be 
observed. Campbell and Christenson[43] suggested that the inner con
tour (yellow arrows in Fig. 1b) is formed with reflection from the droplet 
surface, while the outer contour (blue arrows in Fig. 1b) originates from 
refraction by the metal surface. Based on either contour, an estimation 
into contact angle is possible by ignoring the effect of gravity and 
assuming each droplet behaves like a lens. Contact angle approxima
tions from reflection and refraction contours are achieved with Eq. (5) 
and Eq. (6), respectively. In this analysis, the droplet perimeter is 
distinguished from the bright contour to align with these two equations. 

θ ≈
Φ

2nm

(
NA
dl −

1
2z0

)

(5)  

θ ≈
Φ

2nm

(
n
nm

− 1
)− 1(NA

dr +
1

2Z0

)

(6) 
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Here Φ represents droplet diameter, nm stands for air refractive index 
(nm=1.00 for air), n stands for the droplet refractive index (n=1.31 for 
water and n=1.34 for 1 M NaCl solution), NA for numerical aperture 
(10X lens: NA=0.21, 3X lens: NA=0.07), dl for reflection contour 
diameter, dr for refraction contour diameter, Z0 (10X lens: 32.2 mm, 3X 
lens: 20.1 mm) for a measurable lens property in a unit of length that can 
be measured with experiments. When salt, such as NaCl, is introduced, 
the chloride concentration can experience a substantial increase with 
droplets drying. By combining the information on both droplet diameter 
and contact angle, it becomes possible to estimate the real-time salt 
concentration without the need for direct measurement (details can be 
found in Supplementary Information under Section 5) as such mea
surement could potentially distort droplet geometry. 

3. Results and discussion 

3.1. Design of the experimental setup 

The experiments are carried out in a homemade climate chamber 
(Fig. 2) with a transparent cover made of acrylic plastic. Fig. 3 illustrates 
a schematic drawing of the geometrical configuration and dimension of 
electrical resistance track pairs (the relative positions of both tracks are 
presented in Fig. 3a), with special emphasis being placed on reducing 
thermal noises in the system. 

The sensor track, which is actively corroding, has a snake-like 
configuration to amplify the electrical resistance increase caused by 

the corrosion process. The track has a significantly large length (900 mm 
in total) compared to its width (approx. 2 mm) and out-of-box thickness 
(25 µm). It is attached to an acrylic plastic plate (50 mm × 100 mm ×
2 mm) as mechanical base support. After cutting and surface prepara
tion, the sensor track has an initial resistance between 2.5 Ω to 4.0 Ω at 
room temperature. The variation mainly originates from the difference 
in width between samples during cutting and the initial thickness after 
surface preparation. Width and initial thickness are always fixed along 
the length of each sample. Furthermore, initial thickness is calibrated by 
knowing the initial sensor track electrical resistance and sensor track 
width, where the former is obtained from electrical resistance moni
toring and the latter is directly available via droplet image monitoring. 
The calibration is later confirmed with scanning electron microscope 
(SEM). Eq. (7) experimentally correlates these three terms together by 
examining 10 samples, where Rsens,0, W and h0 denote sensor track initial 
electrical resistance, sensor track width and sensor track initial thickness 
after surface preparation. 

h0[μm] =
87

Rsens,0[Ω]⋅W[mm]
(7) 

This work employs pyrolytic graphite sheet (Panasonic Holdings 
Corporation, Japan. Heat conductivity: 1600 W/m•K) as moisture- 
blocking material applied on the reference track. Theoretically, tem
perature compensation is valid as long as the reference track is 
composed of the same material as the sensor track. This work utilizes a 
reference track that is significantly smaller than the sensor track, aiming 
to reduce its heat capacity for a faster response to temperature changes, 
as well as to minimize temperature variations across the track. In this 
way, the delay in heat transfer on reference track introduced by the 
moisture-blocking layer can be partially compensated. 

3.2. Surface roughness measurement 

Figs. 4a and 4b show representative AFM topography maps and 
height distribution plots of the sample after different surface prepara
tion. The Ra values are obtained from the analysis of the AFM images. 
For the case of mirror-like finishing (3 µm polishing suspension), surface 
has an Ra value of 5.04 ± 0.51 nm. For 2000 grit SiC paper, the surface 
has an Ra value of 47.32 ± 3.22 nm. 

3.3. ER signal acquisition and analysis 

To facilitate droplet image analysis by minimizing background 
distortion and enhancing the clarity of droplet distribution, measure
ments are performed on the mirror-like sample (after 3 µm polishing) 

Fig. 1. (a) An image illustrating the distribution of droplets on the sensor track surface of an electrical resistance track pair. The droplets were formed using 
deionized water deposited by spraying, and tracks’ surface was finished using 3 µm polishing suspension. The image was acquired using a 10X lens. A specific droplet 
is highlighted with blue arrows indicating the contour formed with refraction, and yellow arrows indicating the contour formed by reflection, to facilitate further 
analysis into droplet’s solid-liquid contact angle. (b) A high-resolution microscopic top-view image of the marked droplet. 

Fig. 2. A schematic drawing of the experimental setup.  
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using deionized water as the electrolyte to constitute the droplets. Fig. 5 
summarizes the parameters monitored during the experiments: tem
perature, relative humidity, electrical resistance of both reference and 
sensor tracks, and corresponding corrosion depth. From Fig. 5a, it is 
observed that relative humidity mostly remains above 70 % within the 
chamber except at the very beginning of the test, while fluctuation in 
temperature is kept within ±2 ◦C. 

Despite the implementation of the reference track and the efforts 
made to constrain temperature fluctuations within the climate chamber, 
the adequacy of temperature compensation remains to be validated. Eq. 
(8) shows the relationship between the electrical resistance and tem
perature of a metal sample[44], ignoring any change caused by 
corrosion. 

R(T) = R(T0)⋅(1+α(T − T0) ) = R(T0)⋅αT+(1 − αT0)⋅R(T0) (8)  

Here T and T0 denote the measured and reference temperatures, α rep
resents the temperature coefficient of electrical resistance and R refers to 
sample electrical resistance at a specific temperature. In case where 
temperature variations are small, α can be treated as a constant. 
Consequently, sample electrical resistance theoretically exhibits a linear 
correlation with sample temperature in the absence of corrosion. If 
temperature compensation is effective, Rref and ambient temperature 
should be almost linearly correlated. Fig. 5b visually shows that Rref and 
ambient temperature have a very high level of correlation. The Pearson 
correlation analysis conducted on Rref and temperature reveals a coef
ficient of approximately 0.995. This high coefficient indicates a very 
strong linear correlation between Rref with ambient temperature, sug
gesting the reference track can effectively represent the temperature 
change in the surrounding environment. 

The effect of temperature on sensor track electrical resistance is 

Fig. 3. A schematic drawing showing the geometry and dimension of the electrical resistance track pair, including (a) sensor track, and (b) reference track.  

Fig. 4. AFM topography maps and height distribution analysis of the sensor track surface after preparation with (a) 3 µm polishing suspension and, (b) 2000 grit SiC 
grinding paper. 
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assessed by analyzing Rsens and ambient temperature. Fig. 5c shows a 
comparison between these two variables. The two curves share a very 
similar trend over time, and the Pearson correlation analysis yields a 
coefficient of approximately 0.919. This suggests that the variations in 
Rsens are predominantly due to temperature fluctuations, indicating 
minimal or potentially absent corrosion on the sensor track. This anal
ysis also excludes the direct effect of relative humidity on Rsens, as no 
significant correlation can be observed between the trend of these two 
curves. 

The corrosion depth obtained with Eq. (3) is presented in Fig. 5d 
together with the electrical resistance signal. The initial thickness is 
calculated to be approximately 16 µm, following Eq 7. The ratio between 
the sensor track and the reference track is also included in the Supple
mentary Information under Section 6, based on which corrosion depth 
can be obtained directly. It must also be noticed that the corrosion depth 
calculated from the electrical resistance signal does not fully represent 
the depth of localized attack; rather, it should be considered as an 
averaged corrosion depth over the full sensor track. 

Previous discussions have indicated that the variations in electrical 
resistance of the sensor track are predominantly influenced by temper
ature fluctuations. However, for effective temperature compensation, it 
is crucial to achieve a high corrosion signal to thermal noise ratio (SNR), 
as compensation methods can never be perfect; otherwise, residual 
thermal noise can significantly affect the accuracy of the corrosion 
signal. A high SNR indicates a clearer and more reliable corrosion 
measurement, because it means the desired corrosion signal is much 

stronger than the unwanted thermal noise, making it easier to distin
guish the true corrosion signal from the background noises. This 
partially explains the behavior of the corrosion depth curve (depicted 
with the red solid curve, Fig. 5d) which is directly derived from the 
original electrical resistance signal. Theoretically, it is unrealistic for the 
corrosion depth curve to exhibit negative values if both reference and 
sensor tracks consistently maintain identical temperatures. However, in 
practice where corrosion is very mild, as in the current context, the 
corrosion depth curve is more accurately interpreted as an aggregation 
of thermal noises, which do not accurately represent actual corrosion 
depths. The observed fluctuations are within a range of ±0.1 µm over an 
exposure duration of around 50 h, further indicating that the corrosion 
is indeed rather mild throughout the test. In subsequent experiments the 
corrosive conditions are intentionally intensified by adding salt to the 
electrolyte and increasing the roughness of the sample surface. This 
approach is taken to validate the method under conditions where the 
increase in the corrosion depth curve is predominantly driven by 
corrosion effects, rather than by temperature fluctuations. 

3.4. Droplet monitoring and image analysis 

The camera system continuously monitors electrolyte droplets dur
ing the electrical resistance signal acquisition. By monitoring the drop
let’s evolution in real time, it is possible to quantify the droplet size and 
distribution as a function of time and correlate it with the electrical 
resistance signal evolution. 

Fig. 5. Environment parameters and electrical resistance signal monitoring were conducted during the exposure of an electrical resistance track pair to droplets of 
deionized water deposited on the surface. The tracks’ surface was finished with 3 µm polishing suspension. The details are as follows: (a) ambient temperature and 
relative humidity within the chamber (b) ambient temperature and reference track electrical resistance (Rref) (c) ambient temperature and sensor track electrical 
resistance (Rsens) (d) electrical resistance of both reference and sensor track, along with the corrosion depth calculated from electrical resistance. 
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Fig. 6 illustrates the processing of the image of deionized water 
droplets sprayed on a carbon steel sample presented before (Fig. 1a). 
Figs. 6a to 6c display the results obtained at each analysis step: (a) 
thresholding to isolate the droplets (b) contour filling of the identified 
droplets and (c) labelling of individual droplets. Notice that Figs. 6b and 
6c demonstrate the successful segmentation of the droplet pattern from 
the background, as the majority of the droplets have been accurately 
identified and filled. 

Following this, a droplet size histogram is also obtained, as illus
trated in Fig. 6d. The droplet amount generally decreases with the 
droplet size increasing. Furthermore, the distribution can be fitted to a 
power law form (red curve), which partially agrees with the finding by 
Le Fevre and Rose[45], as described with Eq. (9), regarding the distri
bution of droplets during dropwise condensation in the absence of 
non-condensing gases. Here, #, Φ, and N represent the droplet amount 
at a specific diameter, the droplet diameter, and the total amount of 
droplets, respectively. A is a constant related to the maximum droplet 
diameter. 

#(Φ)

N
= A⋅Φ− 8/3 (9) 

Contact angle analysis was performed using the aforementioned 
methodology. The parameters for contact angle estimation, based on 
Eqs. (5) and (6) using droplet image Fig. 1a, are summarized in Table 1. 
The contact angle value from reflection contour (θl) is approximately 
27.6◦, whereas the contact angle obtained from the refraction contour 
(θr) is around 26.4◦. In general, with an analysis of the droplets where 
either reflection or refraction contours can be identified, the droplet 
contact angle within this image is approximately between 21.2◦ to 28.0◦. 

Note that the increase of surface roughness, as mentioned in the last 
subsection, may distort the background, potentially reducing the clarity 
of droplet distribution. Besides, surface roughness can increase the 

hydrophilicity of the metal surface, leading to a transition in droplet 
geometry toward a more film-like configuration. As corrosion pro
gresses, the formation of corrosion products can further distort droplet 
geometry, as illustrated in Fig. 10a to c. To address this issue, images 
that cannot be efficiently analyzed by the auto-recognition program are 
processed using a combined approach: First, auto-recognition is per
formed with Python. Subsequently, areas that are not detected or mis
detected are manually labelled using Label Studio, an open-source 
platform for image labelling. The details are described in the Supple
mentary Information, under Section 3. 

3.5. Validation experiments: corrosion of carbon steel in exposure to 1 M 
NaCl solution 

Previous investigations have reported that an increase in NaCl con
centration can influence the corrosion rate of carbon steel by [46] (i) 
participating in the dissolution of the natural oxide layer present on the 
metal surface (ii) enhancing electrolyte conductivity, which enhances 
ion migration and (iii) decreasing oxygen solubility to limit the oxygen 
reduction reaction. Additionally, an increase in surface roughness can 
also intensify the corrosion process by (i) increasing the actual 
solid-liquid interface area and (ii) providing more microstructural het
erogeneity (e.g. inclusions, precipitates) for corrosion to initiate. 

To achieve a sufficiently high corrosion rate, 1 M NaCl solution was 
sprayed to a carbon steel sample characterized by high roughness 

Fig. 6. Droplet geometry and distribution analysis were conducted on Fig. 1a. The results after each step are as follows: (a) thresholding to isolate the droplets (b) 
contour filling of the identified droplets (c) labelling of individual droplets (d) histogram of droplet diameter distribution. 

Table 1 
Parameters for contact angle analysis on the arrow-highlighted droplet in 
Fig. 1a. The image was acquired using a 10X lens.  

Φ dl dr nm n NA Z0 

69 µm 15 µm 51 µm  1.00  1.31  0.21 32.2 mm  
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(finished by grinding with 2000 grit sanding paper). The initial thickness 
of the sample is approximately 20 µm following the calibration pro
cedure previously described. 

Fig. 7a shows the evolution of temperature and relative humidity 
within the climate chamber. The relative humidity value stays above the 
NaCl deliquescence point at room temperature[47,48] for the first 
12.5 h since the start of the experiment, while the fluctuation in tem
perature is constrained within ±2 ◦C. Fig. 7b and c shows a comparison 
between the ambient temperature and the electrical resistance of the 
reference track and the sensor track, respectively. To investigate the 
effect of corrosion on sensor track’s electrical resistance, Pearson cor
relation analysis is performed between the electrical resistance of both 
tracks with the ambient temperature. The Pearson correlation coeffi
cient value between temperature and Rref is approximately 0.904, indi
cating the change in reference track electrical resistance can efficiently 
represent the change in ambient temperature over the period of expo
sure. Meanwhile, the analysis conducted on temperature and Rsens re
veals a Pearson correlation coefficient value of around 0.405, indicating 
the impact of temperature on electrical resistance change has decreased 
significantly due to an enhanced contribution from corrosion effects. 

Specifically, Fig. 7e illustrates the evolution of the Pearson correla
tion between the electrical resistance of both the sensor and reference 
tracks with ambient temperature, which reflects the integrated effect of 
temperature on resistance from start of the test to each subsequent point 
of analysis. Initially, both tracks exhibit a high degree of correlation with 
temperature, as highlighted in the detailed plot-in-plot for the first hour. 
Notably, at the very beginning of the test, fluctuations can be observed 
due to an abrupt temperature change, as a result of moisture introduc
tion. As the experiment progresses beyond the first hour, a significant 
divergence between the two curves appears. Specifically, the correlation 
coefficient for the reference track maintains a relatively stable and 
positive value, suggesting a consistent and direct relationship with 
temperature throughout the test. In contrast, the correlation coefficient 
for the sensor track decreases sharply after the first hour and gradually 

becomes negative, suggesting additional factors other than temperature. 
In this case, the corrosion effects start to influence the electrical resis
tance of the sensor track. With time, the correlation curves of the two 
tracks diverge increasingly until near the end of the test, the divergence 
starts to decrease again. This indicates the effect of temperature on the 
sensor track’s electrical resistance has increased again, probably due to a 
decrease in the corrosion rate. As discussed previously, to ensure that the 
calculated corrosion depth accurately represents the actual value, the 
SNR must be relatively high. This means that the influence of corrosion 
on the increase in sensor track electrical resistance should exceed that 
caused by temperature fluctuations. In the subsequent analysis, this 
initial 1- hour period will be designated as the ’stabilization period’. 
During this period, changes in the calculated corrosion depth are likely 
predominantly influenced by temperature fluctuations. 

Fig. 7d shows the temporal electrical resistance evolution under the 
specified experimental conditions, along with the corresponding corro
sion depth. The ratio between sensor track electrical resistance to that of 
reference track is found in the Supplementary Information under Section 
6. In general, the corrosion depth, as defined in Eq. (2), progressively 
increases with time and exceeds 1 µm after 25 h of exposure under dy
namic droplet conditions. Specifically, the zoomed-in view of the plot at 
the start of the test shows some initial fluctuations in corrosion depth. 
These fluctuations primarily occur within the first hour and align with 
the analysis in Fig. 7e. 

The corrosion rate can be obtained by analyzing the first derivative 
of the corrosion depth evolution over time. Fig. 8a and b illustrate a 
comparison before and after filtering the signal. Fig. 8a shows a high 
noise level, particularly pronounced at the beginning of the test. 
Generally, the noise observed in Fig. 8a is mostly internally generated by 
the data acquisition device throughout the test. Additionally, during the 
initial stage of the experiment, external noise from inadequate temper
ature compensation is also playing an important role. This device- 
originated noise is less significant in either corrosion depth or original 
electrical resistance signals but becomes amplified after calculating the 

Fig. 7. Environment parameters and electrical resistance signal monitoring were conducted during the exposure of an electrical resistance track pair to droplets of 1 
M NaCl solution deposited on the surface. The tracks’ surface was finished with 2000 grit SiC grinding paper. The details are as follows: (a) ambient temperature and 
relative humidity within the chamber (b) ambient temperature and reference track electrical resistance (Rref) (c) ambient temperature and sensor track electrical 
resistance (Rsens). (d) electrical resistance of both the reference and sensor tracks, along with the corrosion depth calculated from the electrical resistance, including a 
zoomed-in view at the beginning of the test (e) Pearson correlation analysis results between the electrical resistance of the sensor and reference tracks with ambient 
temperature. The calculation is performed using data from the start to each time step of analysis. The results at the beginning of the test are shown in a zoomed-in 
view on the plot. 
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first derivative (i.e. corrosion rate). A detailed explanation is included in 
the Supplementary Information under Section 2. By adopting proper 
filtering techniques, this device-originated noise can be removed, 
revealing the true trend of the corrosion rate. 

The design of S-G filter is described in the Supplementary Informa
tion under Sections 1 and 2. Corrosion rate ranges from approx. 
900 µm•yr− 1 (7000 g•m− 2•yr− 1) at earlier stage of exposure to approx. 
100 µm•yr− 1 (780 g•m− 2•yr− 1) at longer times. Complementary weight 
loss tests, as described in the Supplementary Information under Section 
4, are also performed under a similar experimental condition to 
corroborate the corrosion depth and rate values found in the electrical 
resistance studies. The values obtained from electrical resistance mea
surement and weight loss are relatively similar, being in the same order 
of magnitude. Furthermore, the corrosion rate values are consistent with 
the range reported for carbon steel under coastal atmospheric conditions 
[46], which is also discussed in detail under Section 4 of the Supple
mentary Information. 

At the beginning of the test, the rate first increases to a local 
maximum, then gradually reduces to a non-zero value and remains 
stable until the end of the test. This non-zero stable stage suggests that 
by the end of the test, though relative humidity has dropped below the 
NaCl deliquescence point at room temperature, the surface is still 
partially wet. This phenomenon can likely be elucidated by the 

hysteresis effect associated with the deliquescence and efflorescence of 
NaCl. Throughout the test, the relative humidity consistently remains 
higher than the NaCl efflorescence point at room temperature[47,48]. 
Consequently, the salt particles do not undergo full crystallization from 
the solution; instead, they exist in a moist state that lies between 
dissolution and crystallization. 

The correlation between relative humidity and corrosion rate is 
presented in Fig. 9, where, in general, it is observed that the two pa
rameters exhibit a strong correlation in their trends. This agrees with the 
previous investigations by Vernon[49], Peck[50] and Klinger[51], in 
which a strong positive dependency of corrosion rate on relative hu
midity was found. This correlation is particularly pronounced at the 
later exposure stage, where the corrosion rate exhibits an enhanced 
sensitivity to the relative humidity. This observation is also theoretically 
coherent, as the droplet electrolyte has mostly dried out at this stage, 
leaving behind only a thin moisture layer sustained by the presence of 
NaCl. The characteristics of this moisture layer, which directly impact 
the corrosion rate, are modulated by the ambient relative humidity near 
the sample surface. Nevertheless, when analyzing the results more 
closely, small deviations can still be found between the two terms. This 
phenomenon is observed, for example, at points (II) and (III) as high
lighted in Fig. 9. The corrosion rate at the latter point substantially 
surpasses that at the former, despite their similarity in relative humidity. 

Fig. 8. Corrosion rate corresponding to the corrosion depth in Fig. 7d (a) Corrosion rate without filtering, including a zoomed-in view at the beginning of the test (b) 
Corrosion rate after S-G filtering with M=8000 and N=2. The light blue zone at the beginning of the test corresponds to the ‘stabilization period’, during which 
variations in the sensor track’s electrical resistance are dominated by temperature fluctuations. Consequently, this zone might offer less reliable insights into the real 
corrosion rate. Details are presented in the analysis in Fig. 7e. The light green zone by the end of the test might be affected by edge effects introduced by the filtering 
process and might not accurately represent the real corrosion rate of the sensor track. For details, please refer to Section 1 of Supplementary Information. 

Fig. 9. A direct comparison between corrosion rate and relative humidity was conducted based on the environment parameters and electrical resistance signal 
monitoring results as specified in Fig. 7 and 8. The light blue zone at the beginning of the test and the light green zone by the end of the test might offer less reliable 
insights into the real corrosion rate. Detailed explanations are presented in Fig. 8. 
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This discrepancy can be explained by the analysis into the sample sur
face images. 

Fig. 10a to c illustrate droplet distribution image and corresponding 
size histogram at (a) 0.5 h from the beginning of the test, by which time 
droplet distribution has been stabilized, (b) after approx. 1.5 h from the 
beginning of the test, and (c) after approx. 4.5 h from the beginning of 
the test. 

Comparing the images in Fig. 10a and b, it is evident that relatively 
soon after the stabilization of droplets, corrosion attacks under some of 
the droplets become visible. As suggested by Risteen et al.[36], the 
probability of corrosion initiation under a known droplet is strongly 
correlated with both droplet size and surface roughness. This is partially 
consistent with the findings from this test, as it is observed that corrosion 
predominantly occurs under droplets with a diameter higher than 
100 µm. However, further validation is needed to fully understand the 
quantitative relationship between droplet size and corrosion product 
formation. Comparing the images in Fig. 10b and c, which correspond to 
the periods indicated by points (II) and (III) in Fig. 9 where the corrosion 
rate is sufficiently high, the number of corrosion sites however remains 
almost unchanged. This suggests that corrosion propagation is primarily 
perpendicular to the surface, progressing deeper into the bulk of the 
sample rather than expanding along the surface. This observation in
dicates that Evans-type corrosion is dominating the process. 

In terms of the analysis into the droplet size distribution in Fig. 10, 
the data in (a) can be best fit with a power law form, while a mismatch 
between the droplet size distribution (blue bars) and the fitted curve 
(red curve) becomes apparent after longer times, as seen in (b) and (c). 
This discrepancy is likely due to the impact of metal dissolution and the 
subsequent formation of corrosion products, which alter the geometry of 
the droplets. Moreover, from time (a) to (b), the droplet distribution 
curve exhibits a decrease in height and an expansion in width, indicating 
concurrent droplet merging and drying processes. In comparison, the 
curve decreases in both height and width from (b) to (c), suggesting that 
droplet drying is the dominat process during this period. 

Following the analysis explained in the experimental section, further 
analysis of the droplet images can be carried out to estimate the contact 
angle of the different droplets. The parameters utilized are summarized 

in Table 2. By randomly selecting and analyzing 20 droplets from each of 
Fig. 10a to c, droplet contact angle values are calculated to be 8.3±1.1◦, 
5.9±1.9◦ and 4.7±2.0◦, respectively. The contact angle tends to 
decrease with time, which agrees with the previous investigations [5,52, 
53]. The analysis of the droplet contact angle enables the access of 
three-dimensional data from two-dimensional images, which, for 
example, can provide an approximation of the droplet volume values. 
Based on droplet volume, it is feasible to estimate the real-time elec
trolyte concentration, which is expected to increase due to evaporation 
(Detailed discussion can be found under Section 5 in the Supplementary 
Information). Therefore, the contact angle analysis provides a more 
comprehensive and complete description of droplet geometry during the 
monitoring of the corrosion rate. 

In summary, this novel experimental approach enables the correla
tion of real-time atmospheric corrosion rate with both prevailing envi
ronmental conditions and electrolyte evolution. Performing experiments 
under multiple-droplet conditions closely mimics common outdoor 
exposure and service conditions, providing a more realistic representa
tion compared to previous studies. The primary limitation of this 
method is the need for environmental corrosivity to exceed a certain 
threshold to induce detectable corrosion. Theoretically, corrosion 
detection is feasible even in relatively mild corrosive environments, 
provided the electrolyte remains on the sample surface for a sufficient 
duration. However, in practice, achieving this can be quite challenging 
due to the dynamic behavior of droplets, making it difficult to maintain a 
stable multi-droplet scenario. Enhancing the sensitivity of the method 
may be achieved through an improved designing into the geometry of 
the electrical resistance tracks. Furthermore, considering the inherent 
limitation of the electrical resistance method, which may cause de
viations from results obtained through weight loss experiments, it is 

Fig. 10. Analysis of the droplet images at the highlighted times in Fig. 9. Droplet image and droplet distribution at (a) 0.5 h (b) 1.5 h (c) 4.5 h of the experiment are 
presented. Prior to the analysis, images are first randomly cropped into 1000 pixels × 750 pixels (original image size: 2064 pixels × 1544 pixels), with coordinates for 
cropping being the same for all images. 

Table 2 
Parameters for contact angle analysis on 1 M NaCl droplets in images captured 
using a 3X lens.  

nm n NA Z0  

1.00  1.34  0.07 20.1 mm  
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feasible to offset this discrepancy by properly calibrating these two 
methods with additional complementary experiments. This calibration 
involves accounting for the distribution of corrosion products, which 
significantly influences the accuracy and comparability of the mea
surements. Consequently, this approach holds significant promise for 
advancing the understanding of atmospheric corrosion. This enhanced 
understanding can, in turn, contribute to the development of more ac
curate mechanistic and kinetic models for atmospheric corrosion pre
diction, thereby making a valuable contribution to the field. 

4. Conclusions 

This work describes the design, operation, and data processing of a 
novel experimental setup to study the real-time corrosion rate of metals 
exposed under controlled and monitored multi-droplet conditions. In 
this work, the atmospheric corrosion of carbon steel is studied. The 
following can be concluded:  

• The novel experimental setup allowed simultaneous real-time 
monitoring of the corrosion rate and the evolution of the electro
lyte geometry. The environmental conditions, including relative 
humidity and temperature, have also been continuously monitored.  

• Real-time corrosion rate monitoring is accomplished using the 
electrical resistance (ER) method. In this work, a careful design of the 
ER track geometry and a refined signal filtering protocol were 
introduced to minimize the effect of thermal noise for accurately 
extract the corrosion rate signal from the background noises.  

• Droplet size distribution analysis was performed on the droplet 
evolution images. Additionally, contact angle information was esti
mated from these images, which could be further used to approxi
mate chloride concentration.  

• The corrosion rate of carbon steel under a multi-droplet electrolyte 
(1 M NaCl) was studied as a model system. The rate values obtained 
from the ER system correlated well with previously reported kinetic 
data and additional experimental validation, confirming the reli
ability of this approach.  

• A strong correlation was observed between the corrosion rate of 
carbon steel and the relative humidity in the environment chamber, 
aligning with findings from previous investigations. This correlation 
is particularly pronounced at the later stages of exposure, where the 
corrosion rate exhibits enhanced sensitivity to relative humidity. 
Nevertheless, at the earlier stage, the corrosion rate appeared less 
influenced by relative humidity, suggesting that other factors might 
be at play. Results from droplet size distribution and contact angle 
analysis hint that electrolyte geometry might significantly influence 
the corrosion kinetics, especially at an early stage of exposure.  

• In general, it was observed that the corrosion under the droplets 
follows an Evan-type mechanism, with the attack propagating to
ward the bulk of the metal.  

• This novel experimental approach offers valuable insights that can 
significantly contribute to advancing mechanistic and kinetic un
derstanding of atmospheric corrosion, facilitating the development 
of mechanistic and kinetic corrosion prediction models. 
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