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Probing top-of-the-line corrosion using coupled multi-
electrode array in conjunction with local electrochemical
measurement
Mingyu Wang1, Mike Yongjun Tan2, Yesen Zhu3,4, Yi Huang 1,4 and Yunze Xu 1,4✉

An experimental method has been developed for probing top-of-the-line corrosion (TLC) of pipeline steel based on the use of the
wire beam electrode (WBE) in conjunction with local electrochemical measurements. Results show that the location of the droplet,
the droplet retention time, the water condensation rate and the local TLC rate could be well determined through the macro-cell
current mapping and local electrochemical measurements. The precipitation and the scaling tendency of the FeCO3 beneath the
droplet were quantitatively estimated. The micro-cell corrosion was significantly influenced by the thickness of the condensed
water film and the protectiveness of the FeCO3 layer. The discrepancy of the film formation inside and outside the droplets was the
driving force of macro-cell corrosion. The in-situ measurement and visualization of the corrosion processes and kinetics using the
modified WBE could be conveniently used to facilitate the understanding of the initiation and propagation of localized TLC.
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INTRODUCTION
Top-of-the-line corrosion (TLC) is a challenging and unsolved issue
that affects many crude oil and gas transportation pipelines where
major temperature differences exist between the transported
medium and the pipe outer environment1–7. When the tempera-
ture of the internal pipe wall is lower than the water dew point,
water in the hot gas and vapour would condense and form
droplets on the top of the pipe wall. The condensed water could
become corrosive with the dissolution of carbon dioxide (CO2),
hydrogen sulphide (H2S), volatile organic acids and sometimes
oxygen in it8–10, causing TLC. TLC is known to be affected by many
factors including water condensation rate, water chemistry, partial
pressure of acidic gases (e.g. CO2 and H2S), gas flow rate, the
presence of organic acids (e.g. HAc), the formation of protective
scales, and the presence of sulphate-reducing bacteria3,5,11. TLC
could not be controlled by corrosion inhibitors, the most efficient
methods of pipeline corrosion mitigation, because traditional non-
volatile corrosion inhibitors that are commonly added in the liquid
phase in flowlines for corrosion control could not reach the top of
the pipe at the stratified flow regime, and therefore TLC remains a
major threat for the integrity of oil and gas pipelines12,13.
Major efforts have been made to develop corrosion inhibitors

that could reach the top of the pipe12,14–16. One approach is to
develop volatile corrosion inhibitors that are able to reach the
condensed water at the top of the line, making corrosion
inhibition useful for TLC prevention. Unfortunately, the discovery
and evaluation of such volatile corrosion inhibitors is not an easy
task because of technological difficulties in measuring, monitoring
and evaluating the effects of such inhibitors in the condensed
water droplet at the top of the pipeline. TLC is an ‘invisible’ and
dynamically changing localised corrosion that occurs on pipe
internal surface, currently there is a lack of effective techniques
that could be used to perform in-situ probing and monitoring
of TLC.

The gravimetric measurement using weight loss coupons is the
most common method in TLC studies17–19. The general corrosion
rates could be obtained from the mass difference of the coupon
before and after a period of TLC. Meanwhile, the change of the
surface morphologies could be characterized visually and micro-
scopically to further understand the localized corrosion behaviour
beneath the condensed water droplet. However, weight loss
coupons are not easy to be installed on and withdrawn from the
internal surface of practical oil and gas pipelines and frequent shut
down of the operation system would be needed for coupon
installation and collection20–22. The dynamic change of the
corrosion rates caused by the droplet renewal, corrosion inhibitors
and the environmental variation could not be detected by the
periodical weight loss measurement. In order to overcome the
difficulty in on-line monitoring of TLC, electrical resistance (ER)
probes which is also called ‘intelligent coupon’ are adopted to
provide continuous measurement of TLC14,21,22. The wall thickness
reduction of the ER probe could be captured from the resistance
increasing of the ER probe. However, the temperature fluctuation
has a dramatic interference on the ER measurement and would
lead to measurement errors in ER probe measurement23,24.
Another limitation of the ER method is that the resolution of the
sensor is determined by the thickness of the sensing element. It
may take several weeks to respond to the corrosion depth of a few
micrometres when the thickness of the sensing element is close to
the real pipe wall. Thinning of the sensing element could
effectively promote the resolution of the ER sensor, while, the
reduction of the wall thickness would shorten the service life of
the probe.
Since TLC is a process of electrochemical reaction, researchers

attempted to use electrochemical techniques such as linear
polarization resistance (LPR) and electrochemical impedance
spectroscopy (EIS) measurements in TLC studies16,20,25,26. In
comparison with ER technique, electrochemical methods could
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provide an instant response to the corrosion processes, suggest-
ing that the dynamic changes of the corrosion status could be
immediately detected without a long delay. However, in practical
TLC applications using traditional three or two electrodes system,
the low conductivity and the thin film of the condensed water
would lead to a high solution resistance between the working
electrode (WE) and the counter electrode (CE), which significantly
limits the application of LPR and EIS probes using a small potential
or current stimulation22,27. A modified method using the collected
condensed water of dozens of millilitres for electrochemical
measurements is performed in some TLC studies. The collected
condensed water could restore the original corrosive environment
beneath the water droplet in some extent, however, the mass
transfer process, the distribution of the condensed water and the
chemical and electrochemical heterogeneity beneath the droplet
are totally different from those in the collected condensed water.
Therefore, the real TLC behaviour could not be accurately revealed
using this approach. Recently, mini-electrodes with the diameters
of a few millimetres is introduced into the TLC studies to perform
the localized electrochemical measurements25. The tiny electrodes
could significantly reduce the measurement error induced by the
high solution resistance in the water droplet, however, the tiny
electrodes could only be placed in a certain part of the water
droplet due to the limitation of the electrode dimension and
therefore the general TLC behaviour is hard to be measured using
only a set of mini-electrode three electrodes system. Additionally,
it is known that the distribution of the water droplets on the steel
is random and the droplets are normally separated from each
other. Since the location of the randomly distributed droplets in
the pipe could not be visualized, the electrochemical measure-
ment results would dramatically deviate from the real conditions
once the tiny electrodes are rightly placed in certain droplets.
Although various efforts were made in past decades to measure

and understand the TLC, there is still a lack of effective methods
that could accurately sense the dynamic progression of TLC. There
is a need for technologies that are effective for volatile corrosion
inhibitor discovery and assessment, as well as for the early
warning and protection of TLC in energy pipelines16,28,29. In this
work, a method which combined the integrated multi-electrode
array technique and local electrochemical measurements is
proposed for this purpose, and is demonstrated in a typical
experiment to visualize and understand the initiation and
propagation of TLC in simulated condensed water droplets at
the top of pipeline. A 10×10 coupled multi-electrode array, which
is also referred to as wire beam electrode (WBE)30–36 is employed
to detect the distribution of the water droplet on the steel surface
through mapping current distributions. Besides, two important
parameters of TLC, i.e. the droplet retention time (DRT) and the
water condensation rate (WCR) could be measured from the
specially designed circuit. After mapping the droplet distribution,
the local LPR measurements were performed to investigate
localized corrosion beneath the droplet. On the basis of this
method and the 3D profile characterization, the contributions of
both macro-cell current and micro-cell current on TLC are
distinguished and discussed, aiming to address the key para-
meters which should be concerned in TLC studies.

RESULTS
The measurement results of macro-cell currents on WBE
The formation process of the droplets on the steel surface was
photographed by the endoscope (Fig. 1). Liquid embryos started
to nucleate on the WBE surface after 0.1 h of test. The tiny droplets
gradually formed on the wire electrodes and began to coalesce
with each other after 0.5 h of test. The liquid film was firstly
observed at the top right corner of the WBE. Along with the
continuous condensation of the vapour and the coalescence of

the initial tiny droplets, the thickness of the liquid film kept
increasing from 1 h to 2 h, and gradually cover the whole WBE at
2 h. Thereafter, several big droplets evolved on the WBE due to the
surface tension. The distribution of the big droplets could be
clearly seen at 6 h. A complete droplet which rightly generated at
the centre of the WBE is defined as the ‘main droplet’ in this work.
The four corners and edges of the WBE were partially covered by
several droplets which main bodies generated on the epoxy resin.
A thin liquid film is seen between the boundaries of the water
droplets. The locations and the diameters of the droplets kept
relatively stable in the following test periods (6–168 h). The
diameter of the main droplet reached 12.5 mm which almost
covered 50% of the WBE surface. Due to the accumulation of
corrosion products around the main droplet, the partial droplets at
the corners and edges of the WBE could not be clearly identified
from the photos of 168 h. However, these droplets were still
observed after the WBE was immediately taken out of the test cell
which is similar to the distribution of the water droplets observed
at 6 h.
The dynamic change of the macro-cell current map is plotted in

Fig. 2. More details of the current mapping at different test
duration is plotted in Supplementary Fig. 1. The macro-cell current
was tiny at the beginning of the test due to the disconnection of
the nucleated tiny droplets at 0.1 h of test. Obvious anodic sites
and cathodic sites are observed at the top right corner at 0.5 h
which was induced by the formation of condensation film at the
local area. The anodes and cathodes became more significant
along with the coalescence of the tiny droplets and the thickening
of the condensation film (1–2 h). Along with the formation of the
stable droplets at 3–6 h, the distribution of the major anodes and
cathodes gradually became stable. Most of the wire electrodes
beneath the water droplets acted as anodes. While, the major
cathodes were distributed beneath the thin condensation film
where was outside the droplets. The separation of the major
anodes and cathodes became more significant along with the TLC
propagation. The boundary of the main droplet could be clearly
identified from the distribution of the anodes and cathodes after
48 h of test. Although the boundaries of the droplets at the
corners and edges of WBE are hard to be directly seen from the
photos at 168 h due to the visual influences of the corrosion
products, the local areas beneath the droplets could be well
identified from the current map where anodic currents are
registered. The current distribution maps also show that the major
cathodes and anodes were almost kept unchanged from 72 h to
168 h. These typical anodes and cathodes were all distributed
around the boundary of the main droplet.
In order to investigate the influence of the growth and fall of

the droplet on the local macro-cell currents, the current
distribution maps at three different moments (immediately after
droplet falling, droplet growing and right before droplet falling) of
a DRT cycle were probed and presented in Supplementary Fig. 2.
Both the distribution of anodes and cathodes and the magnitude
of the anodic currents and cathodic currents were almost the
same over the three different periods, indicating that the fall and
retention of the droplet nearly had no influence on the macro-cell
corrosion. Two wire electrodes which were located right beneath
the droplet (W7,7) and beneath the liquid film outside the droplet
(W8,10) were selected to monitor the dynamic change of the local
macro-cell currents for 8000 s. The measurement results are
presented in Fig. 3. A sharp change of the macro-cell current
would occur after the fall of the droplet. While, the current would
soon restore to the original level in a few seconds, also indicating
that the fall of droplets only has a slight influence on the corrosion
process.
Current spikes were triggered on both the wire electrodes

inside and outside the droplet during the droplet falling (Fig. 3).
The current spikes were induced by the modification of the
double layer on the steel interface. The DRT could be obtained
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through the intervals of the spikes. It is found that the sudden
change of the current on W7,7 is more significant than that on
W8,10, suggesting that the response of the current change on
droplet falling is more sensitive for the wire electrodes beneath
the droplet. The wire electrode beneath the droplet is more
suitable for DRT measurement. Since the distribution and the
diameters of the droplets could be revealed from the distribution
of the macro-cell current, the WCR is further calculated according
to the DRT and the volume of the droplets.

WCR ¼ ρwV
AsDRT

(1)

where V is the total volume of the droplets on the WBE surface, ρw
is the density of condensed water, As is the surface area of the
WBE, and the measured average DRT is 2300 s. Since the main
droplet nearly covered half of the WBE surface, the partial droplets
at the corners and edges are neglected in this work to simplify the
calculation process. Generally, the shape of the condensed water
droplet would present as an approximate hemisphere due to the
surface tension2. Therefore, the total volume of the droplets could
be roughly calculated as:

V ¼ πd3
12 (2)

where d is the diameter of the main droplet. The calculated WCR
using WBE is 0.837 g ∙m−2 ∙ s−1, which is slightly lower than the
real WCR of 0.927 g ∙m−2 ∙ s−1 obtained from the condensate
collector. The tiny measurement error is induced by the neglect of
the partial droplets on the WBE. The comparison results indicate
that the WCR could be well evaluated using the WBE technique.

The local electrochemical measurement results on WBE
The location of the droplet and the distribution of the anodes and
cathodes on the WBE are visualized from the macro-cell current
mapping. Thereafter, the influence of the micro-cell corrosion on
TLC was further studied by local LPR measurement. After the
compensation of the solution resistance from impedance mea-
surement of high frequency, the micro-cell current (imi,j) flowing in
a single wire electrode could be calculated as:

imi;j ¼ B
Rpi;j (3)

where B is the Stern-Geary coefficient which is used as 15 mV
according to the measured polarization curve in the collected
condensed water (the polarization curve is presented in Supple-
mentary Note 3) and Rpi,j is the linear polarization resistance of the
selected wire electrode. Since a main droplet formed on the steel
surface, the locations of the typical wire electrodes were basically
selected according to the distance away from the centre of the
droplet. In this way, the influence of the interfacial chemical
heterogeneity on micro-cell corrosion could be fully considered.
On the other hand, the wire electrodes at the similar distance
were further selected according to the macro-cell current
distribution to consider the influence of interfacial electrochemical
heterogeneity as well.
The distribution of the macro-cell current and the calculated

micro-cell current at different test periods are plotted in Fig. 4.
More details of the measured LPR and Rs of these typical wires
electrodes are presented in Supplementary Note 4. The micro-cell
currents of the wire electrodes beneath the droplet were similar

Fig. 1 The formation process of the droplets on the WBE surface. The distribution of the water droplets on the WBE surface photographed
by the endoscope at different test periods.

M. Wang et al.

3

Published in partnership with CSCP and USTB npj Materials Degradation (2023)    16 



after 24 h of test (Fig. 4a), indicating a relatively uniform micro-cell
corrosion beneath the droplet. The micro-cell current of the
anodic sites and the cathodic sites beneath the droplets were
close, suggesting that the macro-cell current nearly has no
influence on the micro-cell corrosion at TLC conditions. The micro-
cell currents of the major cathodic sites where were located at the
droplet outside were significantly lower than those beneath the
droplet. The accurate boundary of the water droplet could be
further identified from the local micro-cell currents. The micro-cell
currents of the wire electrodes located at the edges of other

droplets (W1,1 and W10,10) are similar to those beneath the main
droplet, indicating that the micro-cell corrosion rate inside of the
droplet might be similar.
Along with the corrosion propagation, the wire electrodes

beneath the droplets occupied significantly higher micro-cell
currents than those outside the droplet (Fig. 3b–d). The micro-cell
corrosion rate inside the droplet shows an obvious increase with
respect to the distance from the droplet centre at day 3–7. The
influences of the macro-cell current on the micro-cell current were
still tiny, indicating that the main contributor of the micro-cell

Fig. 2 The macro-cell current distribution maps. The distribution of the macro-cell currents on the WBE at different test durations.
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corrosion is the interfacial chemical heterogeneity beneath the
droplet. The relationship between the micro-cell current and
distance from the centre of the main droplet can be well fitted by
quadratic functions. The micro-cell currents of W1,1 and W10,10

were always close to those of the wire electrodes at the edge of
the main droplet. As W1,1 and W10,10 were also located at the edge
of other droplets, it verifies that the micro-cell corrosion
performance beneath different droplets would be similar. The
micro-cell currents of the wire electrodes outside the droplet were
almost the same, suggesting that the micro-cell corrosion
performances of the wire electrodes outside the droplets were
also similar. According to the local electrochemical measurements,
the boundaries of the droplets could be accurately determined.
Meanwhile, the micro-cell corrosion rate inside and outside the
droplets could be well fitted from the selected typical wire
electrodes.

The TLC performance of the steel coupon
Five droplets formed on the steel coupon after 7 days of TLC
test (Fig. 5a). The local areas inside and outside the droplets
could be clearly identified. The general diameter of the water
droplets is 12.2 mm, which is similar to the diameter of the main
droplet on WBE. The measured general DRT and WCR of the
steel coupon are 2250 s and 0.983 g ∙m−2 ∙ s−1, which are also
close to the those obtained from WBE test. The average
corrosion rate of the steel coupon calculated from weight loss is
0.083 mm∙y−1.
The photo of the steel coupon after the drying of the steel

surface is presented in Fig. 5b, which is similar to the surface
morphology of the WBE after TLC as shown in Supplementary
Fig. 5a. The boundaries of the droplets could be clearly
identified from the colour difference. The steel presents a dark
colour beneath the droplets and dense corrosion product film is
found at the intervals of the droplets. The local morphologies
inside of the droplets (Area A and D in Fig. 5b) and outside of
the droplets (Area B and C in Fig. 5b) are presented in Fig. 6a–d.
The steel surfaces inside the droplet all become rough,
indicating the occurrence of serious corrosion. However, a
dense corrosion product film is found on the steel surface
outside the droplets. The local surface morphologies of the steel
coupon are totally the same as those observed on WBE
(Supplementary Fig. 5b, e). The comparison results indicate
that the WBE sensor could be effectively used to restore the TLC
performance on a one-piece electrode.
The corrosion product which is composed by Fe, Fe3C, and

FeCO3 were detected via the XRD spectra as presented in
Supplementary Fig. 6. The EDS results show that the C and O

contents are extremely low at the areas inside of the droplet
(Fig. 6e, h), indicating nearly no corrosion products accumulate
on the steel surface beneath the droplet (Fig. 6a, d). On the
other side, the ion contents shown in Fig. 6f, g suggest that
dense FeCO3 layers cover the local areas outside the droplets
(Fig. 6b, c).

DISCUSSION
The calculation of the localized TLC rate using WBE
The WBE measurement results show that the total steel loss of
each wire electrode under TLC is induced by both macro-cell
current and micro-cell current. The steel loss induced by the
macro-cell corrosion could be directly calculated from the anodic
current charge of each wire37.

dMi;j ¼ M
P

iMi;jΔT

nFρm
iMi;j>0
� �

(4)

where dMi,j is the corrosion depth of Wi,j induced by macro-cell
corrosion. M is the molecular weight, iMi,j is the macro-cell current
density of Wi,j in one measurement circle, ΔT is the time interval of
current mapping, n is the number of the transferred electrons, F is
the Faraday constant, and ρm is the steel density. Figure 7a
present the corrosion depth map calculated from the macro-cell
current. The local steel loss induced by the macro-cell current is far
below the actual steel loss measured by local 3D profiles plotted in
Fig. 7b (the measurement procedure of the local corrosion depth
is presented in Supplementary Note 7), indicating that the micro-
cell corrosion is the main contributor of TLC. This clearly suggests
the need for measurement of both local macro-cell corrosion and
micro-cell corrosion.
Local linear polarisation was intended for measuring local

micro-cell corrosion, however, since all the wire electrodes on
the WBE are coupled together during the TLC test, the real
potential of each wire would deviate from OCP. Accordingly, the
measured micro-cell current (imi,j) using the LPR method could
not be directly used to reflect the micro-cell corrosion rate. This
issue could be addressed through data analysis based on the
Evans diagrams of the wire electrodes under anodic polarization
and cathodic polarization (Supplementary Fig. 8). When Wi,j is
polarized form the corrosion potential (Ecorri,j) to the polariza-
tion potential (Epi,j), the anodic current density (iai,j) and
cathodic current density (ici,j) on Wi,j could be expressed as:

iai;j ¼ imi;j10
Epi;j�Ecorri;j

ba (5)

ici;j ¼ imi;j10
�Epi;j�Ecorri;j

bc (6)

Fig. 3 The dynamic changes of macro-cell currents. a Time dependence of the macro-cell currents of W7,7 and W8,10. b The instant current
change after droplet falling.
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where the ba and bc are the anodic and cathodic Tafel slopes,
respectively. In combination of Eq. (5) and Eq. (6), Eq. (7) could be
obtained:

ba lg iai;j
� �� lg imi;j

� �� �� bc lg imi;j
� �� lg ici;j

� �� � ¼ 0 (7)

The macro-cell current of Wi,j could be calculated as:

iMi;j ¼ iai;j � ici;j (8)

Insert Eq. (8) into Eq. (7), Eq. (7) could be written as:

ba lg
iai;j
imi;j

� �
þ bc lg

iai;j�iMi;j

imi;j

� �
¼ 0 (9)

The real corrosion rate of theWi,j could be calculated from iai,j. In
order to solve iai,j, Eq. (9) is rewritten as:

iai;j ¼ f iai;j
� � ¼ imi;j

iai;j�iMi;j

imi;j

� ��bc
ba (10)

Fig. 4 The selection and local electrochemical measurements of the typical wire electrodes at different locations of WBE. a Day 1, b Day 3,
c Day 5 and d Day 7.
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The iMi,j is directly obtained from the current mapping. The imi,j

could be fitted from the LPR measurement results shown in Fig. 8:

imi;j ¼ aρ2i;j þ bρi;j þ c1
imi;j ¼ c2

(
Wi;j inside of the droplet
� �
Wi;joutside of the droplet
� � (11)

where ρi,j is the radius between the selected Wi,j and the centre of
the droplet, and a, b, c1 and c2 are the fitted constants at different
test duration. Since the diameters of the formed droplets are
similar (Fig. 5), the diameters of the droplets which covered the
corner and edge of the WBE are deemed as the same as the main
droplets to simplify the calculation process. The ba and bc are
fitted from the measured polarization curve in the collected
condensed water (see the Supplemental Materials). As a result, the
iai,j could be solved using an iterative method according to Eq.
(10):

iai;j kþ1ð Þ ¼ f iai;jk
� �

(12)

where k is the iteration times. The initial value of iai,j is set as imi,j,
and the absolute error bound was set as 1 × 10−10mA∙cm−2.
After the calculation of iai,j, the modified corrosion depth of

each wire electrode could be calculated from Eq. (4) by replacing
iMi,j with iai,j. The calculation results of the total corrosion depth
(dti,j) induced by both macro-cell corrosion and micro-cell
corrosion are shown in Fig. 8a. The measurement error (Δi,j) of
the corrosion depth calculated from iai,j is depicted in Fig. 8b.

Δi;j ¼ dti;j � dri;j (13)

where dri,j is the real corrosion depth of each wire electrode
directly measured from local 3D profiles. The localized corrosion is
overestimated inside of the droplet and underestimated outside
the droplet (Fig. 8b). The measurement error is possibly induced
by the inhomogeneous chemical environment on the WBE
surface. The polarization curve measured from the immersion
test could not totally reveal the electrochemical behaviour
beneath the water droplet. On the other hand, the uneven
distribution of the FeCO3 film on the WBE would also lead to the
change of local electrochemical kinetic parameters, resulting in
the occurrence of measurement error. However, the largest
measurement error is <5 μm as shown in Fig. 8b. The calculated
highest corrosion depths of the wire electrodes are 30.0 μm,
29.0 μm, 27.3 μm and 26.8 μm (W9,4, W3,8, W9,7 and W8,3),
respectively, which is almost the same as the real corrosion
depths of 28.6 μm, 28.5 μm, 25.7 μm and 24.9 μm. The compared
results indicate that the localized corrosion of TLC could be well
probed by the modified WBE.
These results suggest that the WBE technique has limitations in

accurately measuring the localized corrosion rate when the micro-

cell corrosion becomes the important contributor to the localized
steel degradation. The micro-cell corrosion always occurs in the
scale of micron or nanometre which could not be directly probed
by WBE due to the dimensional limitation of the wire electrodes.
Normally, the micro-cell current could be compensated from the
coupled potential measurement or using WBE-EN technique38.
However, the local polarized potential and the OCP of the wire
electrodes are hard to be probed at TLC conditions. Consequently,
the conjunction of the macro-cell current mapping and micro-cell
current measurement provides a method to overcome the
difficulties in probing the localized corrosion when the potential
mapping is hard to be realized on the WBE.

The initiation and propagation of TLC
The test results show that the corrosion performance of the steel
inside of the droplet is significantly different from that outside the
droplet. This is believed to be closely related to differences in the
precipitation of the corrosion product inside and outside the
droplets. Therefore, exploring the formation and deposition
process of the FeCO3 layer on the steel surface could facilitate
understanding the initiation and propagation of TLC under sweet
corrosion4,39,40. It is known that the FeCO3 crystals could only
begin to precipitate when the ions concentration product of Fe2+

and CO2�
3 exceed the solubility product (Ksp)41:

SS ¼
cFe2þ cCO2�

3
Ksp

(14)

where SS is the supersaturation of ferrous carbonate, the SS > 1 is
the basic requirement for the precipitation of FeCO3 crystal42. The
Ksp could be calculated according to the reference41:

Ksp ¼ 10�59:3498�0:041377Tk�2:1963
TK

þ24:5724 log TKð Þþ2:518I0:5�0:657I (15)

where TK is the temperature (K) of the condensed liquid which is
employed as 317 K, I is the ionic strength which is normally
deemed as 0 for TLC cases due to the extremely low ion
concentrations43. The calculated Ksp is 9.44 × 10−12 kmol2 ∙m−6 at
the employed test condition.
A thick and dense FeCO3 layer is found outside the droplet,

leading to the mitigation of the micro-cell corrosion and cathodic
protection of the local areas. Apparently, the occurrence of the
corrosion outside the droplet could lead to the quick accumula-
tion of the Fe2+ and CO2�

3 in the thin liquid film, resulting in a high
SS and the precipitation of dense FeCO3 crystals outside the
droplet. Although significant higher corrosion rates are registered
on the wire electrodes inside of the droplet, the continuous
renewal of the droplets would take away the generated Fe2+ and
CO2�

3 , leading to the fluctuation of the SS inside of the droplets.

Fig. 5 The photos of the steel coupon. a After 7 days of TLC test. b After being dried.
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Therefore, the highest SS is calculated to estimate the formation
process of the FeCO3 layer beneath the droplets. Assuming that
the fall of the droplet could take away most of the Fe2+, the
general concentration of the Fe2+ would reach the peak value
before the droplet falling. The general concentration of
Fe2+ (cFe2þ ) in the main droplet could be quantitatively calculated
according to the anodic dissolution rate, DRT and the volume of

the droplet:

cFe2þ ¼
P

iai;jAi;j
nFV DRT (16)

where
P

iai;jAi;j is the sum of the anodic current beneath the main
droplet which could be obtained from the WBE measurement
results, Ai,j is the surface area of Wi,j beneath the main droplet. The
Ai,j is equal to the surface area of a whole wire electrode when Wi,j

Fig. 6 SEM images and EDS results of typical areas. SEM images of the local areas marked in Fig. 5b a Area A, b Area B, c Area C, d Area D
and the EDS results of local points in the SEM images e Point 1, f Point 2, g Point 3, h Point 4.
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is totally beneath by the droplet. Meanwhile, the concentration of
the CO2�

3 (cCO2�
3
) could be calculated based on the following

chemical reactions44,45:

cCO2�
3

¼ KsolKhydKcaKbipCO2
c2
Hþ

(17)

CO2ðgÞ $ CO2ðaqÞ Ksol ¼ cCO2
pCO2

(18)

CO2 þ H2O $ H2CO3 Khyd ¼ cH2CO3
cCO2

(19)

H2CO3 $ Hþ þ HCO�
3 Kca ¼

cHCO�
3
cHþ

cH2CO3
(20)

HCO�
3 $ Hþ þ CO2�

3 Kbi ¼
cCO2�

3
cHþ

cHCO�
3

(21)

H2O $ Hþ þ OH� Kwa ¼ cHþcOH� (22)

where Ksol, Khyd, Kca and Kbi are the reaction equilibrium constants
whose definitions and calculation results are listed in Table 1, pCo2
is the partial pressure of the CO2 which is about 0.85 bar, cHþ is the

concentration of the hydrogen ions. To ensure the electro-
neutrality of the solution, the charge of the cations should equal
to the charge of anions:

2cFe2þ þ cHþ ¼ cHCO�
3
þ 2cCO2�

3
þ cOH� (23)

In combination of Eq. (17) and Eq. (23), Eq. (24) is obtained:

cHþ3 þ 2cFe2þcHþ 2 � ðKwa þ KsolKhydKcapCO2ÞcHþ � 2KsolKhydKcaKbipCO2 ¼ 0

(24)

The cHþ could be solved from Eq. (24). Thereafter, the cCO2�
3

and
SS inside of the droplet could be calculated using Equation (17)
and Eq. (14). The variations of the pH and the SS inside of the
droplet during the 7 days of test is plotted in Fig. 9.
The pH of the droplet kept increasing from 5.1 to 5.3 during the

7 days of TLC test (Fig. 9a), indicating that the cathodic reaction
involves the reduction of H+, H2CO3 and HCO�

3 46. Along with the
solution pH increasing, the SS inside of the droplet presents a
dramatic increase from 0.57 to 3.41 after 7 days of test (Fig. 9b).

Fig. 8 The calculated corrosion depth and the measurement error. a The corrosion depth map calculated from the iai,j. b The measurement
error between the calculated value and the real corrosion depth measured by 3D profiles.

Fig. 7 The calculated corrosion depth. The map of the corrosion depth calculated from a macro-cell current and b local 3D profiles.

Table 1. The definition and the calculation results of the equilibrium constants.

Equilibrium constant Value

Ksol ¼ 14:5
1:00258 10

� 2:27þ5:65´ 10�3Tf�8:06 ´ 10�6T2f þ0:075Ið Þ 2.26 × 10-2

Khyd ¼ 2:58´ 10�3 2.58 × 10-3

Kca ¼ 387:6 ´ 10� 6:41�1:594´ 10�3Tfþ8:52 ´ 10�6T2f �3:07 ´ 10�5p�0:4772I0:5þ0:11807Ið Þ 2.06 × 10-4

Kbi ¼ 10� 10:61�4:97 ´ 10�3Tfþ1:331´ T2f �2:624 ´ 10�5p�1:66I0:5þ0:34661Ið Þ 6.04 × 10−11

Kwa ¼ 10� 29:3868�0:0737549TKþ7:47881 ´ 10�5T2Kð Þ 3.22 × 10−14
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The SS becomes >1 after 2 days of test, indicating that the
presentation of the FeCO3 layer could also occur beneath the
droplet in the following test period. The form of the FeCO3 layer
beneath the droplet is further estimated using the scaling
tendency (ST) which is a non-dimensional parameter41,46:

ST ¼ RCLA
CR (25)

where CR is the general corrosion rate beneath the main droplet,
RCLA is the accumulation rate of corrosion layer:

CR ¼
P

iai;jAi;j

nF
P

Ai;j
(26)

RCLA ¼ KrKsp SS � 1ð Þ (27)

where Kr is a kinetic constant which could be calculated using an
Arrhenius’ type equation:

Kr ¼ eA�
Ba
RTK (28)

where A is the pre-exponential factor which is typically used as
28.4 according to the reference41, Ba is the apparent activation
energy equals to 64851 J ∙mol−1, and R is the gas constant equals
to 8.314 J ∙mol−1·K−1. In combination of Eqs. (25)–(28), the
dynamic change of the ST is calculated and plotted in Fig. 9b. The
ST shows an obvious increase from 0.01to 0.15 after 7 days of
immersion. However, the highest ST is still much <1, suggesting
that porous and non-protective corrosion product is likely to
form beneath the droplets42. Since the adhesion strength of the
porous FeCO3 layer is rather poor43, the corrosion product would
peel from the steel surface due to the gravity and the
disturbances of droplet falling. In addition, the continuous
renewal of the water droplet could also retard the nucleation
of the FeCO3 crystal, further delaying the film formation beneath
the droplet4. As a result, only few FeCO3 crystals and a small

amount of amorphous corrosion products are observed inside of
the droplets.
On the basis of the WBE measurement results and the

environmental parameters, the formation process and the scaling
tendency of the FeCO3 layer could be well analysed. Thereafter,
the dynamic progression of TLC is further discussed according to
the discrepancy of film formation inside and outside the droplet.
The distribution of both micro-cell currents and macro-cell
currents inside and outside the droplet is schematically depicted
in Fig. 10. As no dense and protective FeCO3 formed on the steel
surface inside of the droplet, the corrosion rate kept relatively high
beneath the droplets. It is known that the eutectoid ferrite would
act as the anodes due to the lower potential than Fe3C in the
pearlite47. The preferential dissolution of ferrites in X65 pipeline
steel would result in the accumulation of the Fe3C layer on the
steel surface (Fig. 11a). The remained Fe3C layer could enhance
the micro-cell corrosion, leading to the continuous increase of the
micro-cell current beneath the droplets (Fig. 11a). As the corrosion
propagation is significantly influenced by the mass transfer
process in TLC cases, the micro-cell corrosion beneath the
droplets is determined by the diffusion of H+, H2CO3 and HCO�

3
in the condensed water film. The steel located close to the inside
boundary of the droplet would suffer higher micro-cell corrosion
rates due to the thinning of the water film and the enhanced
cathodic reaction. Accordingly, the increase of the micro-cell
current is found along with the distance increasing of the wire
electrode to the droplet centre. The micro-cell corrosion of the
wire electrodes outside the droplets dropped quickly due to the
formation of the dense and protective FeCO3 (Fig. 11b). No
obvious difference in the micro-cell current on the wire electrodes
is found, indicating that the mass transfer process in the thin
liquid film is relatively uniform.

Fig. 9 The calculation results of pH and supersaturation. a Time dependence of the solution pH. b Time dependence of the supersaturation
inside of the droplet.

Fig. 10 Schematic diagram of TLC at the test condition. The mechanistic model of the distribution of the corrosion products and the
formation of macro-cell currents.
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The formation of the protective FeCO3 on the steel outside the
droplets also enhanced the macro-cell corrosion on the steel
surface. The local areas outside the droplets would act as the
major cathodic sites due to the protective film48–50. While, the
steel inside of the droplets would become the major anodic sites.
Due to the low concentration of the ions in the condensed water,
the electrical conductivity of the water droplet is low. The high
solution resistance resulted in that the main anodic sites all
concentrated at the inside boundary of the droplet where was
close to the major cathodes. Both the anodic currents and
cathodic currents of the major cathodes and anodes show
significant increases in the 7 days of test (Fig. 11c). It indicates
that the growing of the protective FeCO3 layer outside the
droplets results in the enhancement of macro-cell corrosion. In
order to further understand the contribution of macro-cell current
on the TLC, the proportion of the total steel loss induced by
macro-cell corrosion (pi,j) is calculated and plotted in Fig. 11d.

pi;j ¼ dMi;j

dri;j
(29)

The highest contribution of the macro-cell corrosion to the total
steel loss is about 20% which occurs on the wire electrodes at the
inside boundary of the main droplet (Fig. 11d). Although most of
the steel loss under TLC is induced by the micro-cell corrosion, the
contribution of the macro-cell corrosion could not be neglected in
this case. According to the discussion, it is found that the
contribution of both macro-cell corrosion and micro-cell corrosion
on TLC could be simultaneously and quantitatively analysed by
using the modified WBE sensor.
It should be noted that the experiment and analysis described

above are only for the demonstration and illustration of this TLC
measurement method under a specific set of TCL testing
conditions, more work is needed to assess TLC behaviour under
different experimental conditions with and without the presence
of corrosion inhibitors. For instance, it is expected that different
sizes and shapes of water droplets would form under different
conditions, significantly affecting corrosion processes, patterns

and kinetics. The presence of corrosion inhibitors would also lead
to significant changes in the corrosion behaviour under water
droplets. These will be reported in the future.
In summary, a method has been developed for probing the TLC

of pipeline steel based on the use of a modified WBE in
conjunction with local electrochemical measurements. The
method of combining macro-cell current mapping and micro-
cell current measurement overcomes the difficulties in probing
the localized corrosion in thin water layers and water drops. On
the basis of the measurement results using the modified WBE
technique, the following conclusions are drawn: (1) Through the
specially designed modified WBE, both the macro-cell current and
micro-cell current of each wire electrode could be measured for
determining TLC behaviour and kinetics. The location of the
droplets is clearly reflected from the distribution of the major
anodic sites and the cathodic sites. The macro-cell corrosion can
be determined by the WBE current mapping, while micro-cell
corrosion is measured by local LPR measurements. In addition, the
DRT and the WCR are calculated due to the continuous
measurement of the local macro-cell current inside of the droplet.
(2) The localized corrosion depths calculated from the method
proposed in this work is in agreement with the real corrosion
depths measured by local 3D profiles. Based on this method, the
contributions of micro-cell corrosion and macro-cell corrosion on
total steel loss could be separated. The calculation results show
that the micro-cell corrosion is the main contributor to TLC under
the experimental condition. (3) The precipitation and the scaling
tendency of the FeCO3 layer inside of the droplet are estimated on
the WBE measurement results in conjunction with environmental
parameters. Although the calculated SS is >1 inside of the droplet
after 2 days of test, only porous and non-protective corrosion
product film could deposit inside of the droplet due to the
extremely lower ST. The gravity and the disturbance induced by
droplet falling could result in the peeling of the corrosion product,
leading to the remaining of few FeCO3 crystals and amorphous
corrosion products inside of the droplets. While, dense and
protective FeCO3 film could form outside the droplets, leading to

Fig. 11 The evolution of micro-cell currents and macro-cell currents. a Time dependence of the micro-cell current of typical wire electrodes
beneath the droplet. b Time dependence of the micro-cell current of typical wire electrodes outside the droplet, c Time dependence of the
macro-cell current of typical electrodes around the boundary of the droplet. d The contribution of the macro-cell current of the total corrosion
loss of each wire electrode.
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the areas beneath the droplets becoming the anodes. (4) The
major anodic sites would concentrate at the inside boundary of
the droplet due to the high solution resistance of the condensed
water. The highest proportion of the macro-cell corrosion could
reach 20% of total steel loss on these major anodic sites,
indicating that the macro-cell corrosion could not be neglected
for TLC. The micro-cell corrosion rate is relatively low and stable
outside the droplet due to the formation of dense protective film.
While, the micro-cell corrosion rate shows an obvious increase
with respect to the distance from the droplet centre, which is
caused by the enhanced diffusion of H+, H2CO3 and HCO�

3 along
with the tinning of the liquid film from the droplet centre to edge.

METHODS
Materials and test setup
The schematic diagram of the TLC test setup is plotted in Fig. 12a.
The test setup is mainly composed of a water bath (Lichen-HH,
China), a cylinder glass cell and a cell lid with cooling system. The
diameter and the height of the glass cell are 160mm and 200mm,
respectively, which could store 2 L test solution. During the TLC
test, the glass cell is placed in the water bath which could control
the solution temperature from room temperature to 100 °C,
simulating the hot vapour environment. Carbon dioxide is
continually injected into the glass cell through the gas inlet and
outlet. To prevent the backflow of air, the CO2 outlets are sealed
by Dreschel bottles containing saturated bicarbonate solution. The
cell lid which also works as the sample holder is made of
polytetrafluoroethylene (PTFE). The crevice between the cell lid
and the glass cell is sealed by a gasket to avoid the leakage. The
test sample and the WBE sensor are installed on the sample holder
through the reserved hole at the centre of the lid. The interval
between the sample and the lid is sealed by an O ring. A cooling
chamber is arranged on the back side of the cell lid. The cooling

chamber is constructed by part of the cell lid and a chamber
cover. The crevice between the chamber wall and the chamber
cover is also sealed by a gasket. The wires of the sample could
pass out the cooling chamber through the wire outlet on the
chamber cover. The cooling water is injected and circulated into
the cooling chamber using a chiller plant (Julabo F25-ME,
Germany). The backside temperature of the sample could be
adjusted from 0–60 °C in order to simulate the lower temperature
side of the pipe wall. The glass cell and the whole cooling
chamber are wrapped by thermal insulation layers to maintain
stable temperatures of both vapour and cooling water. Besides
the main compositions of the test setup, a condensate collector
and an endoscope are fixed in the test cell to obtain more
information of TLC. The condensate collector is placed 80mm
right beneath the test sample to collect the dripped water droplet.
The endoscope (Jiean IV-C40, China) is used to observe the
distribution of the condensation water on the sample surface
during the experiment.
In this work, both WBE and steel coupons were used to study

the initiation and propagation of TLC. The photos of the WBE and
the test coupon are presented in Fig. 12b. The WBE and the steel
coupon are made of X65 pipeline steel which chemical composi-
tions were 0.04 C, 0.2 Si, 1.5 Mn, 0.011 P, 0.003 S, 0.02 Mo, and Fe
balance. The WBE is fabricated by 100 wire electrodes which
surfaces are machined in the sizes of 1 × 1mm. The wire
electrodes are numbered as Wi,j according to their location, where
i is the row number and j is the column number. Copper wires are
soldered on the back side of the tiny electrodes for electrical
connection. The interval between the neighbouring electrodes is
0.7 mm, leading to the total WBE width of 16.3 mm. The side
length of the steel coupon is also machined as 16.3 mm which is
the same as that of WBE. The same size of the steel coupon with
the WBE could provide a basic reference of the condensation
process and the TLC performance, aiming to verify whether WBE
could be effectively used to mimic a one-piece electrode for TLC

Fig. 12 The test setup used for TLC experiments and the test materials. a The schematic diagram of the TLC simulation system. b The steel
coupon and the WBE used in the test. (1 Cooling system, 2 cooling chamber, 3 sample holder, 4 PTFE lid, 5 endoscope, 6 test cell, 7 water bath,
8 condensate collector, 9–10 Dreschel bottle, 11–14 valves, 15 cooling water inlet 16 cooling water outlet, 17 CO2 inlet, 18–19 CO2 outlet.).
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studies. The WBE and the steel coupon were sealed in a cylindrical
acrylic tube with the diameter of 50mm using epoxy resin. The
exposed surfaces of the WBE and steel coupon were successively
polished by silicon carbide papers from 400 grit to 1200 grit. The
polished surfaces were degreased by acetone and rinsed by
deionized water before the test.

The measurement principle of the modified WBE system
In order to probe the initiation and propagation of TLC, a modified
WBE sensor system as shown in Fig. 13a is fabricated on the basis
of traditional WBE technique. In the modified WBE sensor system,

the distribution of the macro-cell current (the current flowing
among the wire electrodes) on WBE could be measured by an YC-
2200A multiplexer (YunChi, China) containing 10 zero resistance
ammeters (ZRA). Besides the macro-cell current mapping of the
whole WBE, the macro-cell currents of any selected wire
electrodes (up to 10 wires) could be continually measured. In
addition, any three or four wire electrodes could be selected from
the WBE matrix for local electrochemical measurement. The
electrochemical measurements were performed using a Reference
600+ electrochemical workstation (Gamry, US). These functions of
the modified WBE system could facilitate visualizing the formation

Fig. 13 The WBE sensor system used for TLC experiments. a Schematic diagram of the WBE sensor system. b The measurement circuit of the
macro-cell current distribution. c The measurement circuit of DRT. d The local electrochemical measurement of the selected wire electrodes.
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of the condensed water droplet, probing the DRT and investigat-
ing the local electrochemical reaction.
It is known that the formation of the water droplet on the steel

surface could lead to the separation of the anodic sites and
cathodic sites due to the inhomogeneous mass transfer process
beneath the water droplet35. The location and the diameter of the
water droplet could be roughly investigated from the macro-cell
current distribution. Unlike the water droplet generated on a
faced-up steel plate, the droplet formed on the top of the pipe
would fall off when the gravity is greater than surface tension.
Once the DRT is short, the frequent detachment of the droplet
would significantly influence the macro-cell current mapping.
Accordingly, the multiplexer with 10 channel ZRAs is employed in
the modified WBE system, aiming to probe the macro-cell current
distribution in a short period. The application of 10 channel ZRAs
could reveal the quick change of the interfacial electrochemical
heterogeneity. During the macro-cell current mapping of TLC, the
terminals of the 100 wire electrodes are all connected together to
mimic a one-piece electrode (Fig. 13b). The current distribution
could be measured by switching the 10 ZRAs in connection of all
the wire electrodes in 3 s, which greatly shortened the mapping
duration. Thereafter, the formation process and the location of the
water droplet on the WBE could be well identified. Along with the
locating of the water droplet from the macro-cell current
distribution map, the wire electrodes located at both anodic sites
and cathodic sites could be selected for continuous macro-cell
current monitoring (Fig. 13c). The fall and renewal of the water
droplet would lead to an obvious modification of the interfacial
status, resulting in discharging and charging of the double
electrical layer capacitor51. Accordingly, the DRT could be
obtained from the interval of the measured current spikes.
Thereafter, the condensation rate could be further evaluated on
the basis of the measured DRT.
The macro-cell corrosion performance on the WBE could be well

probed from the distribution of anodic and cathodic currents.
However, the corrosion caused by the micro-cell current (the
internal corrosion current flowing in a single electrode) cannot be
revealed by the monitored macro-cell current. Meanwhile, the
interfacial reaction and the corrosion resistance at the local area
could not be accurately reflected only from the macro-current
mapping. As a result, the tiny wire electrodes on the WBE could be
selected for local electrochemical measurements via the multi-
plexer (Fig. 13d). Since the location and the coverage of the
droplet are identified from the distribution of the macro-cell
current, it could ensure that the selected electrodes are all located
in the droplet to avoid the measurement error. Accordingly, the
difficulties in selecting the suitable electrodes for local electro-
chemical measurements could be overcome.

Test procedure
Experiments using both WBE and steel coupon were conducted in
a CO2 saturated environment. The test conditions are listed in
Table 2. In the preparation period, the deionized water was
deoxygenated by continuous CO2 sparging of 24 h. The test

solution was pre-heated to 65 °C before the test. The CO2 was also
pre-introduced into the test cell for 4 h to avoid the oxygen
contamination. Meanwhile, the cooling system and the water bath
were adjusted to the setting temperature. After the preparation,
the test was started by transferring the test solution into the cell
using a peristaltic pump. During the test, the CO2 was
continuously purged into the test cell to avoid the oxygen
contamination.
In the test using WBE, the distribution of the macro-cell current

was probed every 10min to visualize the dynamic change of TLC.
Since a sudden change of the local current would occur once the
measurement was performed during the droplet fallen, each
current map was repeatedly measured for three times to ensure
that each current mapping was performed at a steady state.
Simultaneously, the endoscope was used to facilitate observing
the surface status. On the basis of the current mapping and the
surface observation, the cathodic sites and the anodic sites
beneath or outside the water droplet could be identified. The
electrodes located at both anodic sites and the cathodic sites were
selected for periodically local macro-current measurement of 5 Hz.
Along with the continuously local current probing, the DRT was
obtained. The WCR was further evaluated according to the current
mapping and DRT measurement. Meanwhile, the condensation
rate was also measured through the volume calculation of the
collected condensed water.
In order to further probe the local micro-cell current on WBE,

some typical wire electrodes which were located in main anodic
areas and cathodic areas were selected for LPR measurements.
Four adjacent electrodes were selected to construct the three-
electrode system (Supplementary Fig. 9). The measurement
accuracy of the local three-electrode system established by same
materials is verified by an additional test which is presented in
Supplementary Note 10. During the LPR measurement, the
selected WE was polarized from –5mV to +5mV around the
open circuit potential (OCP) with an anodic scan rate of
0.5 mV∙s−1. Since the solution resistance beneath the thin water
film could not be neglected, the local solution resistance was
measured from the electrochemical impedance using the
frequency range of 10 kHz to 100 Hz with a ± 5mV AC signal
around OCP52. The linear polarization resistance (Rp) of the
selected electrode could be calculated with the compensation of
the solution resistance. After the TLC test using WBE, the surface
morphology of the whole WBE was firstly observed by an EOS
digital camera (Cannon, Japan) and an OLS 5000 infinite
microscope (Olympus, Japan). Then, the corrosion products on
the WBE were cleaned by the solution suggested in ASTM G1-03.
The 3D profile of the whole WBE surface was measured by the
infinite microscope. Thereafter, the corrosion depth of each wire
electrode was calculated from the negative volume beneath the
adjacent epoxy plane.
The test condition of the steel coupon was totally the same as

the test using WBE. After 7 days of TLC test, the steel coupon was
firstly taken out for surface morphology observation using both
the digital camera and the infinite microscope. The corrosion
products on the steel surface were further characterized using an
X-ray Diffractometer (XRD, Rigku, Japan), an EM-30 Plus scanning
electron microscope (SEM, Coxem, Korean) and energy dispersive
spectrometry (EDS). Then, the corrosion products were cleaned
and the total weight loss of the steel coupon was measured by an
AUW120D analytical balance (Shimadzu, Japan) to calculate the
general TLC rate.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request

Table 2. Test parameters of TLC.

Items Applied parameters

Test Pressure 1.013 × 105Pa

Test solution Deionized water with saturated CO2

Cooling temperature 45 ± 0.1 °C

Solution temperature 65 ± 0.1 °C

Gas temperature 56 ± 0.1 °C

Test duration 7 days
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