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Abstract: This paper firstly provides an overview of major efforts made over the past several decades
on developing the test apparatus for the study of erosion-corrosion of ferrous-based steels. The
merits and the application range of the set-ups, i.e., rotating disc/cylinder electrode system, slurry jet
impingement rig, and test flow loop, are introduced. Secondly, the advantages and limitations of both
non-electrochemical and electrochemical methods used for the measurement of erosion-corrosion are
presented. Thereafter, the interaction between erosion and corrosion using a cyclic erosion-corrosion
method was introduced. The synergy between erosion and corrosion for the steels under the passive
state were analyzed on the basis of the breakdown and restoration of the passive film. In addition,
the difference between the obtained erosion-enhanced corrosion and the corrosion-enhanced erosion
using different experimental methods for steels under active corrosion was discussed. Finally, the
interaction between the localized corrosion and erosion was studied through the dynamic change of
the local current distribution revealed by the wire beam electrode.
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1. Introduction

Erosion-corrosion of steels is a complex issue which affects various industrial sectors such as the
ship hull, impeller, and propeller, water injection system, oil and gas exploitation pipelines, slurry
transportation, nuclear power industry, and hydro turbines [1–6]. It is a complicated phenomenon
that involves simultaneous occurrence of corrosion of a metal surface due to electrochemical reactions
and erosion of the surface due to mechanical action such as impingement, abrasion, and cavitation.
Corrosion of steels is an electrochemical process which suggests the metal atoms are firstly oxidized
into cations before them leaving the metal interface [7–10]. On the other hand, erosion is a mechanical
wear process which can physically separate the metal atoms from the steel substrate [11–14]. The metal
loss induced by the coupled effect of erosion and corrosion can sometimes be dramatically higher than
the sum of the metal loss caused by individual pure erosion and pure corrosion on a finely polished
steel surface [10–19]. Therefore, various studies were conducted in past decades trying to figure out the
interaction and synergy between erosion and corrosion. A general equation, which defines the main
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components of the interaction and synergy between erosion and corrosion, widely used in previous
studies and standards [10,14,15,20,21] is given below.

Wt = Wc + We = Wc0 + We
c + We0 + Wc

e , (1)

where Wt is the total metal loss, Wc is the corrosion component with the presence of corrosion, We is
the erosion component with the presence of corrosion, Wc0 is the pure corrosion component without
the appearance of erosion, We

c is the erosion-enhanced corrosion, We0 is the pure erosion component
without the appearance of corrosion, and Wc

e is the corrosion-enhanced erosion.
According to Equation (1), the main leads for the metal degradation can be divided into four

regimes on the basis of Stack et al.’s efforts [22]:

Erosion-dominated (Wc/We < 0.1);
Erosion-corrosion-dominated (0.1 ≤Wc/We < 1);
Corrosion-erosion-dominated (1 ≤Wc/We < 10);
Corrosion-dominated (Wc/We ≥ 10).

In consideration of the material’s property, impact angle, impact velocity, applied potential, and
temperature, various erosion-corrosion maps [23–30] were constructed to predict the metal loss rate
and to understand the mechanisms of erosion-corrosion. These maps can facilitate selecting suitable
metals for different erosive and corrosive working environments.

According to the erosion-corrosion maps, it is found that, when the impact velocity of the particle
is high and the applied anodic potential is low, the metal loss is erosion-dominated as shown in
Figure 1a. When the impact energy is high, an intense crater or cutting groove would form on the metal
surface which would be much deeper than the corrosion thinning, indicating that corrosion nearly
has no influence on erosion. In this case, the traditional erosion models developed by Finnie [31],
Bitter [32], Hutchings [33], and other researchers [34–36] can be used to predict the metal loss rate
under different impingement conditions. Likewise, as shown in Figure 1b, when an intense anodic
current is applied on the steel surface and the impact velocity is low, the steel dissolution would be
much quicker than the depth loss induced by erosion. The metal loss becomes corrosion-dominated in
this case, and the metal loss can be calculated from Faraday’s law [9]. However, when the interfacial
modification induced by corrosion or erosion can be significantly influenced by each other, leading to
dramatic corrosion-enhanced erosion or erosion-enhanced corrosion, the erosion-corrosion wastage
would either fall in the range of erosion-corrosion-dominated or corrosion-erosion-dominated [22].
Although the erosion component and the corrosion component can be roughly evaluated based on
the erosion-corrosion map, the synergy or interaction between erosion and corrosion (We

c and Wc
e) is

hard to directly obtain from the erosion-corrosion map, limiting the further analysis of the essential
mechanism of erosion-corrosion.
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erosion-corrosion test [39–41] and the erosion-corrosion test in corrosive slurry [10,38] were normally
employed in previous studies. The erosion process and corrosion process were totally separated in a
cyclic erosion-corrosion test. However, erosion and corrosion would simultaneously occur on the steel
interface in the test using corrosive slurry. Accordingly, the obtained conclusions on the interaction
or synergy between erosion and corrosion would be totally different by using different test methods.
As Equation (1) is generally applied in both cases to express the mechanism of erosion-corrosion,
the readers would be confused by the obtained results since the research objectives would be varied
using different experimental methods. The erosion-corrosion cycles mainly relate to how the surface
topography change induced by pure erosion or corrosion would influence the following pure corrosion
or erosion process [40]. Erosion-corrosion tests conducted in corrosive slurries are mainly focused on
the synergy of erosion and corrosion which are to work simultaneously [10]. The mechanism of the
synergy between erosion and corrosion in the corrosive slurry can be further divided into two cases, i.e.,
the steel under active corrosion and the steel having a protective film such as an inhibitor film, corrosion
product film, or passive film due to different steel properties and test environments [9,10,15,21,38,42,43].
Consequently, it needs a detailed classification and introduction of these erosion-corrosion patterns to
comprehend the research advances of erosion-corrosion.

This article provides an overview of the progress made in developing erosion-corrosion simulation
apparatus and measuring techniques for both lab tests and field applications. The advantages and
drawbacks of the test set-ups and measuring techniques are introduced. In addition, the capabilities
and the application ranges of the apparatus and the measuring techniques for the ferrous-based steels
under both active corrosion and passivation are discussed. On the basis of the simulation apparatus
and measuring techniques, the generated experimental evidences for some theoretical and empirical
models of steels under different corrosion patterns are provided.

2. Apparatus for Simulating Erosion-Corrosion of Steel

2.1. Rotating Disc/Cylinder Electrode System

The rotating disc/cylinder electrode system is widely used in the study of flow-accelerated corrosion
(FAC) and erosion-corrosion since 1950 due to its relative low cost and convenient operation [44–47]. It
is seen from Figure 2 that two forms of rotating disc/cylinder systems are adopted in erosion-corrosion
studies [7,30,48–56]. Both test sets are composed of a three-electrode system and a rotation disc/cylinder
to simulate a hydrodynamic condition. The difference is that, in the first set, as shown in Figure 2a, the
test sample itself works as the rotating cylinder and the test specimen in the second set is arranged at
the edge of the rotating disc. In the first set, the linear velocity on the sample surface can be simply
controlled by the rotating speed. For the specimen in the second set, the flow rate of the slurry on
the sample surface cannot be simply deemed as the linear velocity of the disc due to the edge effect.
Therefore, a more uniform corrosion pattern would form on the steel sample immersed in the first set
than that in the second set. However, the angle between the sample and the flow direction cannot be
adjusted, which indicates that all the erosion metal loss in the first set is coming from the tangential
direction at the beginning of the test (the flow field distribution would be complex once an erosion scar
forms on the steel surface). In contrast, the angle between the specimen and the flow direction can be
adjusted from 0◦ to 90◦ in the second set. Accordingly, the influences of the sand impact angle can be
roughly studied using the second set.
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The hydrodynamic parameters of the rotating cylinder system were well studied in previous
work [44]. The Reynolds number (Re) and the wall shear stress (τRCE) can be calculated based on
theoretical and empirical equations [44].

Re =
ωrd
υ

, (2)

τRCE = 0.079Re−0.30ρω2r2, (3)

where ω is the rotation speed, r is the radius of the rotating cylinder, d is the diameter of the cylinder,
υ is kinematic viscosity of the electrolyte, and ρ is the density of the electrolyte. More details on the
hydrodynamic parameters and mass transport coefficient of the rotating disc/cylinder system can be
reviewed from Walsh’s work [45] which provides a summary of this technique used in various FAC
and erosion-corrosion studies. The rotating disc/cylinder system can simulate an erosion-corrosion
environment conveniently. However, there are some defects of the system which limit the further
application of this system. The most serious issue of the rotating disc/cylinder electrode system is the
control of the sand concentration when corrosive slurry is introduced into the test cell. Although the
overall weight percentage or volume percentage of the sand particles is a certain value in the whole
test cell, the real sand concentration at different liquid levels would be dramatically different due to the
inhomogeneous sand distribution in the test cell [45]. As the samples are fixed at a certain height, the
real sand concentration at the corresponding liquid level would keep changing with the variation of
the rotation speed. The uncontrollable sand concentration limits accurately evaluating the influence
of the sand concentration on the erosion-corrosion behavior. Meanwhile, the design of the rotating
disc/cylinder makes it impossible to study the erosion-corrosion performance under a single-particle
impact. The erosion-corrosion environment is refined as the pure electrolyte or slurry in the test cell.
Moreover, as the rotating disc/cylinder test cell is a totally sealed system, the sand particles in the
test cell cannot be replaced when the sharp edges of the sand particles are smoothed after long-term
erosion. The modification of the sand shape might weaken the erosion-corrosion strength.

2.2. Slurry Jet Impingement Rig System

A jet rig system can be employed for both pure erosion under dry sand impingement using an air
compressor [57–59] and erosion-corrosion under a slurry impingement using a fluid pump [13,60–68].
This section only focuses on the slurry jet impingement systems which are used in the study of
erosion-corrosion. Figure 3 shows a schematic diagram of a typical slurry jet impingement rig system.
The system is composed of a three-electrode system and a slurry loop driven by an electro fluid
pump. In comparison to the rotating disc/cylinder electrode system, the structure of the slurry jet rig
is more complex as a pump is needed for solution circulation. However, the slurry jet impingement
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rig can provide a more beneficial control of the impingement velocity and impact angle of the sand
particles. The sand particles can be injected into the flow loop using a sand feeder which can ensure
the impingement intensity of the sand particles. Moreover, the erosion-corrosion performance of the
steel under the impingement of a single sand particle can be studied as well [69].Metals 2020, 10, 180 5 of 32 
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Figure 3. Schematic diagram of the slurry jet impingement rig system.

It is seen from Figure 3 that the sample is always placed a few millimeters beneath the jet rig
to maintain a stable impact velocity. The impact angle can be well adjusted from normal to oblique
through rotation the sample holder. It should be noted that the flow field distribution below the jet rig
is inhomogeneous [59], suggesting that the wall shear stress, impingement angle, impact velocity, and
particle trajectories at local surface areas are significantly different. A typical flow velocity distribution
beneath a slurry jet rig obtained from a computational fluid dynamics (CFD) simulation is presented in
Figure 4a [59]. It is seen that a stagnation area appears at the center of the target surface, indicating that
the flow velocity is close to zero in this area. The region suffering high sand impact velocity distributes
at the vicinity area of the stagnation point which can lead to a high erosion rate. The fluid streamline
and sand particle trajectories are presented in Figure 4b,c, respectively [59]. It is seen that the impact
angles of the sand particles are influenced by the fluid stream. The center of the sample would suffer a
normal impact. The normal impact gradually transforms to oblique impact along with the increasing
distance from the center of the sample. Consequently, when studying the general performance of
the erosion-corrosion under different sand impact angles, it is better to machine the sample smaller
than the area of the nozzle to maintain a small deviation of the impact angle on the target surface.
However, a sample with a larger diameter of the nozzle can be used to study the local erosion-corrosion
behavior at different fluid flow regimes as shown in Figure 5 [61]. Likewise, a series of small samples
can be placed at different regions below the slurry jet rig to study the influence of the hydrodynamic
parameters on the erosion-corrosion [62,70].
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2.3. Test Flow Loop

On the basis of the rotating disc/cylinder electrode and slurry jet impingement rig systems, the
erosion-corrosion behaviors of the samples under different flow velocities and impact angles can be
simulated in the lab. However, the erosion-corrosion behaviors of complex pipe sections such as the
elbow and pipe weldment, and the pipe sections having a diameter change cannot be simulated using
rotating disc/cylinder and slurry jet rig. As a result, test flow loops which allow the installation of
different kinds of sensors are always adopted to study the erosion-corrosion behaviors of some typical
pipe sections [6,14,71–76]. The test flow loop can provide a more realistic erosion-corrosion condition
which directly corresponds to practice energy pipelines. Nevertheless, the wear of the pump in the
flow loop would lead to a high cost for periodical restoration or replacement. Figure 6 shows a typical
test flow loop which was used for the study of the inhomogeneous erosion-corrosion behavior around
the pipe circle using a designed sensor system [76]. The flow loop is composed of a water tank, a
centrifugal pump which is normally used to allow the sand particle passing through, a pressure gauge,
and a flow meter. According to the measured hydrodynamic parameters, the distributions of the
flow velocity, wall shear stress, and sand concentration at a certain pipe section (Figure 6) can be well
predicted from the CFD simulation [76]. The CFD simulation results can facilitate understanding the
non-uniform erosion-corrosion behavior. Figure 7a presents a typical flow loop used for the study of the
non-uniform erosion-corrosion behavior of an elbow [75]. It is seen from Figure 7b that multi sensors
are arranged at different areas of the elbow to provide the localized erosion-corrosion information.
Consequently, using test flow loops can effectively cover the shortage of the rotating disc/cylinder and
slurry jet rig systems on simulating the erosion-corrosion performances of large-scale pipe sections.

Metals 2020, 10, 180 7 of 32 

 

2.3. Test Flow Loop 

On the basis of the rotating disc/cylinder electrode and slurry jet impingement rig systems, the 
erosion-corrosion behaviors of the samples under different flow velocities and impact angles can be 
simulated in the lab. However, the erosion-corrosion behaviors of complex pipe sections such as the 
elbow and pipe weldment, and the pipe sections having a diameter change cannot be simulated 
using rotating disc/cylinder and slurry jet rig. As a result, test flow loops which allow the 
installation of different kinds of sensors are always adopted to study the erosion-corrosion 
behaviors of some typical pipe sections [6,14,71–76]. The test flow loop can provide a more realistic 
erosion-corrosion condition which directly corresponds to practice energy pipelines. Nevertheless, 
the wear of the pump in the flow loop would lead to a high cost for periodical restoration or 
replacement. Figure 6 shows a typical test flow loop which was used for the study of the 
inhomogeneous erosion-corrosion behavior around the pipe circle using a designed sensor system 
[76]. The flow loop is composed of a water tank, a centrifugal pump which is normally used to 
allow the sand particle passing through, a pressure gauge, and a flow meter. According to the 
measured hydrodynamic parameters, the distributions of the flow velocity, wall shear stress, and 
sand concentration at a certain pipe section (Figure 6) can be well predicted from the CFD 
simulation [76]. The CFD simulation results can facilitate understanding the non-uniform 
erosion-corrosion behavior. Figure 7a presents a typical flow loop used for the study of the 
non-uniform erosion-corrosion behavior of an elbow [75]. It is seen from Figure 7b that multi 
sensors are arranged at different areas of the elbow to provide the localized erosion-corrosion 
information. Consequently, using test flow loops can effectively cover the shortage of the rotating 
disc/cylinder and slurry jet rig systems on simulating the erosion-corrosion performances of 
large-scale pipe sections. 

 

Figure 6. A test flow loop used for the erosion-corrosion behavior around of the pipe circle and the 
CFD simulation results of the flow velocity, wall shear stress, and sand concentration distribution 
around the pipe circle under 1.5 m/s flow rate [76], adapted from [76], with permission from 
Elsevier, 2019. 

Figure 6. A test flow loop used for the erosion-corrosion behavior around of the pipe circle and the CFD
simulation results of the flow velocity, wall shear stress, and sand concentration distribution around
the pipe circle under 1.5 m/s flow rate [76], adapted from [76], with permission from Elsevier, 2019.



Metals 2020, 10, 180 8 of 32
Metals 2020, 10, 180 8 of 32 

 

 
Figure 7. Schematic diagram of a test flow loop used for the erosion-corrosion study of the elbow (a), 
and the arrangement of the sensor system at the elbow (b) [75], adapted from [75], with permission 
from Elsevier, 2019. 

3. The Main Measuring Techniques for Erosion-Corrosion 

3.1. Non-Electrochemical Measurement Techniques 

Erosion-corrosion is a dynamic progression which is determined by the variation of the surface 
property, flow velocity, impact angle, fluid temperature, and sand concentration [24]. The 
erosion-corrosion rate can be very high, and it can vary significantly with time. Therefore, the 
erosion-corrosion rate needs to be on-line monitored in order to detect the potential risks associated 
with peak corrosion rate and localized erosion-corrosion. The instantaneous corrosion current can be 
obtained using electrochemical methods such as linear polarization resistance (LPR) [77] and 
electrochemical impedance spectroscopy (EIS) [6,78]. Although electrochemical techniques can gain 
the corrosion current easily and rapidly, they are not suitable for erosion-corrosion monitoring in the 
field, especially for energy pipelines, due to the inability to directly measure the non-Faradaic part of 
the metal loss [9,37]. Therefore, electrical resistance (ER) probes as shown in Figure 8 are used to 
monitor the total metal loss caused by erosion-corrosion in most industrial applications [76,77,79–85]. 

Figure 8a shows a typical erosion-corrosion ER probe with its sensing part in a rectangular 
form. The measurement schematic diagram of the probe is shown in Figure 8b. The probe is 
composed of a sensing element which directly exposes to the erosion-corrosion environment and a 
temperature compensation element which is sealed inside of the probe to prevent any metal loss. 
The resistance of each element can be measured using the four-wire method [86] and the total 
corrosion depth x of the sensing part can be expressed as follows: 𝑥 = 𝑑 1 − 𝑅 𝑅⁄𝑅 𝑅⁄ , (4) 

where d is the thickness of the sensing element, Rref/Rsen is the monitored resistance ratio between the 
reference element and sensing element, and Rref0/Rsen0 is the initial resistance ratio when no corrosion 
or erosion happens. The ER method is widely used to study the erosion-corrosion performances in 
energy pipelines due to its simple operation. The ER probes can be fixed at different directions to 
ensure the sufficient impingement of sand particles on the sensing element [79,80,84]. Figure 9 
shows the arrangement of the ER probes at different locations of the pipeline in a previous test [80]. 
It is seen that a flush head probe is used for the elbow and an oblique probe is adopted in the 
horizontal flow line. 

Figure 7. Schematic diagram of a test flow loop used for the erosion-corrosion study of the elbow (a),
and the arrangement of the sensor system at the elbow (b) [75], adapted from [75], with permission
from Elsevier, 2019.

3. The Main Measuring Techniques for Erosion-Corrosion

3.1. Non-Electrochemical Measurement Techniques

Erosion-corrosion is a dynamic progression which is determined by the variation of the
surface property, flow velocity, impact angle, fluid temperature, and sand concentration [24]. The
erosion-corrosion rate can be very high, and it can vary significantly with time. Therefore, the
erosion-corrosion rate needs to be on-line monitored in order to detect the potential risks associated
with peak corrosion rate and localized erosion-corrosion. The instantaneous corrosion current can
be obtained using electrochemical methods such as linear polarization resistance (LPR) [77] and
electrochemical impedance spectroscopy (EIS) [6,78]. Although electrochemical techniques can gain
the corrosion current easily and rapidly, they are not suitable for erosion-corrosion monitoring in the
field, especially for energy pipelines, due to the inability to directly measure the non-Faradaic part
of the metal loss [9,37]. Therefore, electrical resistance (ER) probes as shown in Figure 8 are used to
monitor the total metal loss caused by erosion-corrosion in most industrial applications [76,77,79–85].Metals 2020, 10, 180 9 of 32 
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Figure 8a shows a typical erosion-corrosion ER probe with its sensing part in a rectangular form.
The measurement schematic diagram of the probe is shown in Figure 8b. The probe is composed of
a sensing element which directly exposes to the erosion-corrosion environment and a temperature
compensation element which is sealed inside of the probe to prevent any metal loss. The resistance of
each element can be measured using the four-wire method [86] and the total corrosion depth x of the
sensing part can be expressed as follows:

x = d
(
1−

Rre f /Rsen

Rre f 0/Rsen0

)
, (4)

where d is the thickness of the sensing element, Rref/Rsen is the monitored resistance ratio between the
reference element and sensing element, and Rref0/Rsen0 is the initial resistance ratio when no corrosion
or erosion happens. The ER method is widely used to study the erosion-corrosion performances in
energy pipelines due to its simple operation. The ER probes can be fixed at different directions to
ensure the sufficient impingement of sand particles on the sensing element [79,80,84]. Figure 9 shows
the arrangement of the ER probes at different locations of the pipeline in a previous test [80]. It is
seen that a flush head probe is used for the elbow and an oblique probe is adopted in the horizontal
flow line.

Metals 2020, 10, 180 9 of 32 

 

 
Figure 8. The erosion-corrosion probe using electrical resistance (ER) measurement (a), and the 
schematic diagram of the ER technique (b). 

 

Figure 9. The arrangement of ER probes for erosion-corrosion measurement at different pipe 
locations. 

It is reported in previous studies that the distributions of the flow filed and the sand 
concentration are not uniform in pipelines [6]. Different measurement results would be obtained 
when the erosion-corrosion probes are fixed at various pipe locations. Therefore, some modified ER 
sensors are developed to monitor the non-uniform corrosion in pipelines. Figure 10 shows two kinds 
of modified ER sensors which are defined as the field signature method (FSM) [81] and ring pair 
electrical resistance sensor (RPERS) [82], respectively. The basic principle of these sensors involves 
dividing the pipe into small sections, and the resistance of each section is on-line monitored. The 
localized erosion-corrosion rate of each segment can be reflected from the localized 
erosion-corrosion depth. 

Figure 9. The arrangement of ER probes for erosion-corrosion measurement at different pipe locations.

It is reported in previous studies that the distributions of the flow filed and the sand concentration
are not uniform in pipelines [6]. Different measurement results would be obtained when the
erosion-corrosion probes are fixed at various pipe locations. Therefore, some modified ER sensors are
developed to monitor the non-uniform corrosion in pipelines. Figure 10 shows two kinds of modified
ER sensors which are defined as the field signature method (FSM) [81] and ring pair electrical resistance
sensor (RPERS) [82], respectively. The basic principle of these sensors involves dividing the pipe into
small sections, and the resistance of each section is on-line monitored. The localized erosion-corrosion
rate of each segment can be reflected from the localized erosion-corrosion depth.
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The advantage of an ER probe is that it provides the cumulative metal loss without needing to
remove the samples from the service environment. In addition, ER probes are applicable to both
conductive and non-conductive erosive and corrosive environments, which suggests both pure erosion
and erosion-corrosion can be well probed by the ER technique [83,86]. The major disadvantage of
the ER technique is that it cannot respond rapidly to a change of the erosion-corrosion depth loss.
The measurement sensitivity heavily relies on the thickness of the sensing element. Decreasing the
element thickness can improve the measurement sensitivity; however, it would shorten the service
life of the ER sensor. Some researchers tried to prolong the service life of ER erosion probes by using
high-corrosion-resistance materials for probe fabrication [76,79]. Nonetheless, the synergy of erosion
and corrosion could not be identified since the corrosion component is eliminated in this case. For
the mild steel under active corrosion, the corrosion-enhanced erosion sometimes occupies a large
proportion of the total metal loss [10,87]. This suggests that high-corrosion-resistance ER probes are
not suitable for the erosion-corrosion monitoring of mild steels.

Acoustic emission sensors are always used in combination with ER probes to build the relationship
between the total metal loss rate and sand impingements [65,75,80,88,89]. It is seen from Figure 9 that
an acoustic sensor was applied at the downstream of the elbow in previous study [80] to provide the
sand impact rate. As the impact of the sand particles on the steel surface would cause a response
signal in the metal, the sand rate can be monitored through the extraction of the signals in a certain
range. Through analyzing the generation of acoustic emission, the erosion rate can be basically
evaluated [65,89]. Nevertheless, the acoustic signal is sensitive to the background noise, and the
erosion rate calculated from the acoustic emission heavily relies on the property of the material [65].
Therefore, acoustic sensors are normally implemented as an additional method [75,80] in combination
with ER probes in the measurement of erosion-corrosion.

3.2. Electrochemical Techniques in Conjunction with Gravimetric Measurement

The total metal loss caused by erosion-corrosion mostly concerns the industry; therefore, ER
methods are considered to be an effective technique for erosion-corrosion monitoring. However,
ER sensors are unable to provide individual erosion metal loss and corrosion metal loss. The
erosion-enhanced corrosion and corrosion-enhanced erosion are impossible to be understood only
based on ER measurement. The main contributor to erosion-corrosion damage would be unclear
without figuring out the interaction and synergy between erosion and corrosion. Consequently, the
combination of electrochemical methods and gravimetric measurements is now the common method
for the coupled effect study of erosion-corrosion in labs [16,17,24,25,29,30,68,75].

To figure out the synergy between erosion and corrosion, the components presented in Equation (1)
should be all obtained from the erosion-corrosion test. Since the total metal loss is caused by both
electrochemical corrosion and mechanical erosion, gravimetric measurements can be performed to
calculate the overall weight loss (Wt). As the corrosion process is an electrochemical reaction, the
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corrosion metal loss (Wc) can be probed using traditional electrochemical methods such as LPR, EIS,
polarization curve measurement and anodic constant current/potentiostatic polarization. It should be
noted that LPR, EIS and polarization curve measurements are normally used for the measurement of
the corrosion rate under open circuit potential (OCP). Since the potential disturbances of LPR and EIS
are less than ± 20 mV, the influence of the applied potential on the steel interface can be neglected.
This indicates that the gravimetric method can be conducted on the same test sample after LPR and
EIS measurement. The linear polarization resistance (Rp) and charge transfer resistance (Rt) can be
fitted from the LPR and EIS measurements, respectively. Thereafter, the corrosion current density (icorr)
can be calculated using the Stern-Geary equation [90].

icorr =
B
Rp

, (5)

where B is the Stern-Geary coefficient. In contrast, the gravimetric measurement is not suitable for the
steel sample after anodic polarization curve measurement since a large anodic polarization current
would lead to a serious anodic dissolution on the steel interface. Anodic constant current polarization is
normally used to study the erosion-corrosion behavior of the steel under controlled anodic dissolution
rates [9,37,91,92]. The corrosion metal loss can be calculated from the integrated anodic charge, and
the total metal loss can be measured from the weight loss of the same test sample.

Anodic potentiostatic polarization is normally used to study the erosion-corrosion behavior of
passive steels [15,38,42,70,93–100]. The corrosion metal loss of the passive steel is always induced by
the sand impingements, leading to local breakdown of the passive film. It suggests that LPR, EIS, and
polarization curve measurements are not suitable to evaluate the metal loss rate induced by localized
corrosion. Therefore, the current transition under a constant anodic potential can be employed to
calculate the corrosion metal loss. Figure 11 shows typical anodic current transitions of passivated
steel after sand impingements. With the local breakdown of the passive film, the current would have a
significant increase due to the exposure of the fresh steel interface to the electrolyte. The anodic current
would soon decay with the restoration of the passive film. The corrosion metal loss can be calculated
from the accumulated anodic current charge (the shaded areas shown in Figure 11). After the Wt and
Wc are measured, the erosion metal loss (We) can be further calculated from the difference between Wt

and Wc.
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The synergy of erosion and corrosion can be further studied if pure erosion rate (We0) and pure
corrosion rate (Wc0) are measured. For the measurement of Wc0, the common method is to eliminate the
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sand particles from the slurry [6,19]. Then, the pure corrosion rate can be measured by electrochemical
methods. For the measurement of We0, the most common method is to apply cathodic protection on the
steel surface in the corrosive slurry. Another method for We0 measurement is to inhibit corrosion in the
slurry by eliminating the corrosive medium or adding an inhibitor [19,71]. The pure erosion rate can
be calculated from the weight loss. Thereafter, according to Equation (1), the contributions of both We

c
and Wc

e for total steel loss can be quantified. However, serious measurement errors and data scatters
were still found in previous tests [19]. The measurement accuracy of the four parts can be influenced
by various factors during the electrochemical test. The main influence factors are concluded as follows:

1. The metal loss obtained from the gravimetric measurement is the accumulated material loss
through the whole test period. Since it was found in the previous studies that the erosion-corrosion
process is continuously changing with the modification of the surface status [73], the average
erosion-corrosion rate might not be a stable value in the whole test duration, especially for localized
corrosion cases. Therefore, using the erosion-corrosion rate calculated from the accumulated metal loss
may lead to a wrong judgment of the dynamic erosion-corrosion process.

2. As the electrochemical corrosion is a Faraday process, the corrosion rate in both corrosion
and erosion-corrosion conditions can be on-line monitored using electrochemical methods. This can
guarantee the measurement accuracy of the corrosion rate in a large extent. However, there are still
some issues which may cause the measurement error occurring. In some cases, the impingements of
the sand particles on the metal surface are not uniform, resulting in a significant macro-cell current
on the steel surface which might influence the corrosion rate measurement [53]. On the other hand,
when using the Stern-Geary equation to calculate the corrosion metal loss, B (Stern-Geary coefficient)
is always selected as 26 mV for active steel dissolution and 52 mV for the steel under a passive state.
As the value of B is not constant with the propagation of erosion-corrosion, the fixed B value might
induce a measurement error of the corrosion rate [101].

During the measurement of pure corrosion rate, it is thought that erosion can be neglected without
the appearance of sand particles in the corrosive solution. Nevertheless, it was reported in Reference [9]
that the non-Faradaic process still exists in the electrolyte without sand particles when the flow rate is
sufficient high. This means that the corrosion rate measured in the corrosive electrolyte free of sand
particles may be enhanced by the non-Faradaic process as well, which may result in the overestimation
of the pure corrosion rate.

3. Similar to the measurement of the total metal loss, gravimetric measurement is the most
effective way to obtain the pure erosion rate because of the non-Faradaic process. However, the
evaluation of the pure erosion rate is more challenging in comparison to the measurement of the total
metal loss because the corrosion part should be totally removed in the pure erosion test. Firstly, the
continuous introduction of noble gas in the solution to eliminate the corrosive agents can influence the
flow distribution in the test cell. Secondly, when using cathodic protection to remove the corrosion
part in sea water or tap water, the deposition of calcareous deposits [102] might mitigate the erosion
metal loss. Finally, when using inhibitors, the thin organic protective film may be partially or totally
eroded away in an uncontrollable way [48]. Therefore, the pure erosion rate is the hardest part to be
accurately assessed.

4. In addition, the experimental duration for the erosion-corrosion test is always limited to
24 h to avoid smoothening of the sand particles. As the erosion-corrosion process is a long-term
action in real industry applications, the test result in a short period is different from the realistic
situation. The empirical and theoretical models are almost established in considering that the general
erosion-corrosion process reaches a stable state. However, in most practice cases, the erosion-corrosion
performance keeps changing and the highest penetration rate would concentrate at a local area,
especially for stainless steel. Nevertheless, only few studies focused on the propagation process of
the localized corrosion caused by the erosion-corrosion [53,73]. With the forming of local anodes and
cathodes on the steel surface, erosion-corrosion prefers to propagate on a certain area rather than the
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overall steel surface. In this case, the localized corrosion rate cannot be directly evaluated according to
the calculation of the average anodic current.

3.3. Advances in the Monitoring of Erosion-Corrosion Using Specially Designed Sensors

Various sensors were developed to monitor erosion-corrosion in both field and lab tests. This
section introduces some typical cases in the application of erosion-corrosion sensors, aimed at
understanding how to design and employ both electrochemical and non-electrochemical sensors to
study erosion-corrosion.

Figure 12 shows an electrochemical test system for the study of erosion-corrosion in a simulated
pipeline circle using specially designed ring form electrodes [14]. It is seen that pipe sections with
different diameters were used and a protrusion was arranged in the flow loop to establish an intense
change of the flow field. In this system, a two-electrode system was applied for LPR measurement [103]
and the corrosion rate could be directly obtained from the LPR measurement results. The total weight
loss of the electrodes in the erosion-corrosion test was obtained from gravimetric measurements. The
pure corrosion rate and pure erosion rate were measured in a corrosive electrolyte free of sand particles
and in a non-corrosive slurry, respectively. The design of the ring form electrode is to study how
the sudden diameter change and the appearance of the protrusion would influence the localized
erosion-corrosion behavior. The test results show that, for pipeline steel under active corrosion, the
corrosion-enhanced erosion contributes the most to the metal loss caused by synergism. It was also
investigated that the sudden change of the flow distribution would have a significant influence on the
erosion-corrosion due to the local turbulences.

Metals 2020, 10, 180 13 of 32 

 

a certain area rather than the overall steel surface. In this case, the localized corrosion rate cannot be 
directly evaluated according to the calculation of the average anodic current. 

3.3. Advances in the Monitoring of Erosion-Corrosion Using Specially Designed Sensors 

Various sensors were developed to monitor erosion-corrosion in both field and lab tests. This 
section introduces some typical cases in the application of erosion-corrosion sensors, aimed at 
understanding how to design and employ both electrochemical and non-electrochemical sensors to 
study erosion-corrosion. 

Figure 12 shows an electrochemical test system for the study of erosion-corrosion in a 
simulated pipeline circle using specially designed ring form electrodes [14]. It is seen that pipe 
sections with different diameters were used and a protrusion was arranged in the flow loop to 
establish an intense change of the flow field. In this system, a two-electrode system was applied for 
LPR measurement [103] and the corrosion rate could be directly obtained from the LPR 
measurement results. The total weight loss of the electrodes in the erosion-corrosion test was 
obtained from gravimetric measurements. The pure corrosion rate and pure erosion rate were 
measured in a corrosive electrolyte free of sand particles and in a non-corrosive slurry, respectively. 
The design of the ring form electrode is to study how the sudden diameter change and the 
appearance of the protrusion would influence the localized erosion-corrosion behavior. The test 
results show that, for pipeline steel under active corrosion, the corrosion-enhanced erosion 
contributes the most to the metal loss caused by synergism. It was also investigated that the sudden 
change of the flow distribution would have a significant influence on the erosion-corrosion due to 
the local turbulences. 

 
Figure 12. Ring form electrode sensor system used for the study of erosion-corrosion in a test flow 
loop (a), the protrusion in the pipe (b), and the two-electrode system used for linear polarization 
resistance (LPR) measurement (c) [14], adapted from [14], with permission from Elsevier, 2007. 

The novel designed ring form electrode could reveal the variation of the corrosion rate of 
different pipe sections with the changing of the flow field distribution. However, the total metal 
loss still needs to be obtained from weight loss measurement, which limits the study of the dynamic 
progression of the erosion component. Liu and co-workers [76] provided a new kind of sensor 
which combined ER and LPR measurements together to obtain the total metal loss and the 
corrosion metal loss simultaneously. It is seen from Figure 13 that a ring array was employed for 
both ER and LPR measurement. The rings made of targeted pipeline steel (3, 4, 5, 6) were used as 
working rings. Four stainless-steel rings (1, 2, 7, 8) were used as the counter electrodes and the 
reference electrodes to construct the three-electrode system in the pipe. The working rings were 
divided into six segments using the RPERS technique, which allows the on-line monitoring of the 
localized total metal loss around the pipe circle. On the basis of the ring array, both the total metal 
loss and the corrosion metal loss can be on-line monitored, suggesting that the erosion component 
can be immediately calculated during the test. More detailed information on the dynamic change of 
the erosion rate is provided by the ring array in comparison to gravimetric measurements. 
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(a), the protrusion in the pipe (b), and the two-electrode system used for linear polarization resistance
(LPR) measurement (c) [14], adapted from [14], with permission from Elsevier, 2007.

The novel designed ring form electrode could reveal the variation of the corrosion rate of different
pipe sections with the changing of the flow field distribution. However, the total metal loss still needs
to be obtained from weight loss measurement, which limits the study of the dynamic progression of the
erosion component. Liu and co-workers [76] provided a new kind of sensor which combined ER and
LPR measurements together to obtain the total metal loss and the corrosion metal loss simultaneously.
It is seen from Figure 13 that a ring array was employed for both ER and LPR measurement. The rings
made of targeted pipeline steel (3, 4, 5, 6) were used as working rings. Four stainless-steel rings (1, 2, 7,
8) were used as the counter electrodes and the reference electrodes to construct the three-electrode
system in the pipe. The working rings were divided into six segments using the RPERS technique,
which allows the on-line monitoring of the localized total metal loss around the pipe circle. On the
basis of the ring array, both the total metal loss and the corrosion metal loss can be on-line monitored,
suggesting that the erosion component can be immediately calculated during the test. More detailed
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information on the dynamic change of the erosion rate is provided by the ring array in comparison to
gravimetric measurements.
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To further understand the relationship between the fluid dynamic and erosion-corrosion, Zhang
and Zeng [71–73] studied the FAC and erosion-corrosion performances at different locations of a
pipe elbow using a multi-electrode sensor in conjunction with a CFD simulation. It is seen from
Figure 14a that multi-electrodes were arranged at different locations of the elbow. The localized erosion
rate and the distribution of the sand concentration at the elbow could be well predicted by CFD, as
presented in Figure 14b. The total metal loss and the corrosion rate were obtained by weight loss and
EIS measurements, respectively. The test results indicate that the localized erosion-corrosion rate is
in good agreement with the hydrodynamics and sand concentration distribution at the elbow. The
combination of the multi-electrode sensor and CFD provides a quantitative and effective analysis of
the relationship between erosion-corrosion and the flow field distribution. In the further studies of the
erosion-corrosion of stainless steel at the elbow using a coupled multi-electrode sensor system [73],
it was found that the corrosion process of the stainless steel at the elbow was not stable due to
the inhomogeneous distributions of the sand particles and the local intensity of mass transfer. The
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macro-cell currents among the different elbow locations demonstrated that the location confronted
with a high impingement frequency would become the anodic site. The significant anodic current can
lead to a more serious erosion-corrosion damage at this area.Metals 2020, 10, 180 15 of 32 
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In order to measure the localized corrosion rate in flow dynamic conditions and to mimic the
progression of flow-accelerated corrosion (FAC) and erosion-corrosion on a steel interface, a wire
beam electrode (WBE) in combination with three-dimensional (3D) surface profilometry measurement
was proposed to study the synergy between localized corrosion and erosion [53,104,105]. The WBE
technique can effectively restore the electrochemical integrity and local chemical environment change
on a one-piece steel sample. The measurement principle of WBE was clarified in various studies,
allowing the measurement of the in situ potential and galvanic current distribution maps [53]. On the
basis of the distributions of the potential and galvanic current, the dynamic variation of the anodic
sites and cathodic sites can be captured, indicating that the propagation of localized corrosion in the
flowing slurry can be visualized. The localized metal loss induced by corrosion can be calculated from
the anodic current charge on a single electrode. Meanwhile, the total metal loss of a single electrode
can be measured from the volume loss using a 3D profile measurement. Thereafter, the metal losses
induced by localized corrosion and erosion can both be obtained, indicating that the influence of the
local galvanic current on the erosion rate can be studied. Figure 15 shows a typical WBE which was
fabricated using 100 tiny electrodes [104]. It is seen that the surface morphologies of the WBE after
FAC and erosion-corrosion were similar to those of the steel coupons which were tested in the same
FAC and erosion-corrosion conditions. The similar surface morphology suggests that WBE can be
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used as an effective technique to monitor erosion-corrosion without disturbing the integrity of the
local chemical environment and local electrochemical reaction in the flowing electrolyte.Metals 2020, 10, 180 16 of 32 
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Figure 15. Photos of the wire beam electrodes (WBEs) and coupons after 20 h of exposure to different
flow-accelerated corrosion (FAC) (a,b) and erosion-corrosion (c) conditions, and local three-dimensional
(3D) surface profilometry images of typical coupon areas [104], adapted from [104], with permission
from Elsevier, 2019.

4. Advances in the Mechanism Study of Erosion-Corrosion of Steel

4.1. The Interaction between Erosion and Corrosion in Cyclic Erosion-Corrosion Tests

Cyclic erosion-corrosion tests were used in various researches to study how the pure erosion
and pure corrosion can influence each other [39,40,106–114]. The measurement procedure using
erosion-corrosion cycles is different from the erosion-corrosion process in a corrosive slurry, as
introduced in Section 3.2. The erosion tests and corrosion tests are conducted separately in an
erosion-corrosion cycle. Generally, the test samples firstly undergo a pure erosion process which
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is conducted under dry sand impingements or in a slurry without containing any corrosive agents.
Then, the test samples are transferred in a static corrosive electrolyte for a pure corrosion cycle. The
erosion-corrosion cycle is commonly repeated several times to obtain an average erosion rate and
corrosion rate of all the test cycles. Equation (1) is also used in this case to calculate the erosion-enhanced
corrosion and corrosion-enhanced erosion [110–113]. However, the definitions of Wc, We, Wc0, We0,
We

c, and Wc
e using cyclic erosion-corrosion test methods are completely different from those introduced

in Section 3.2, which should be noted. In this case, Wc and We are the average metal losses induced by
all pure erosion cycles and all pure corrosion cycles, respectively. Wc0 is the corrosion metal loss in
only one corrosion cycle with the original steel surface fine polished, and We0 is the erosion metal loss
in only one erosion cycle with the original finely polished steel surface. Thereafter, We

c and Wc
e can be

calculated from the difference between Wc and Wc0 and the difference between We and We0, respectively.
Since pure erosion and pure corrosion alternatively occur on the steel surface, the “synergy” might be
not appropriate to describe We

c and Wc
e in a cyclic erosion-corrosion test because “synergy” prefers to

clarify the coupled effect of erosion and corrosion which should happen simultaneously on the steel
surface. It is more suitable to use “interaction” to clarify We

c and Wc
e in this case.

Xie and co-workers [39] proposed a theoretical model for the erosion-enhanced corrosion in the
cyclic erosion-corrosion tests to elaborate the influence of the pre-erosion on the corrosion process. He
reported that the plastic deformation of the steel caused by sand impacts would lead to an increase of
the strain energy. The chemical potential of a highly deformed steel induced by erosion would have a
negative shift [39].

µs = µ0 + RTlna + ∆P·V, (6)

where µs is the chemical potential, µ0 is the standard chemical potential, R is the gas constant, T is the
absolute temperature, ∆P is the residual strength, and V is the volume of the deformation area. The
decreased corrosion potential caused by plastic deformation can be expressed as

∆Ecorr = −
∆P·V

zF
, (7)

where ∆Ecorr is the decreased corrosion potential caused by plastic deformation, z is the valence, and F
is the Faraday’s constant. Due to the corrosion potential decreasing, the corrosion rate would have
an increase.

∆icorr = i0corr exp
(

∆Ecorr

βa + βc

)
, (8)

where ∆icorr is the increased corrosion current density, i0corr is the original corrosion current density
without deformation, βa is the anodic Tafel slope, and βc is the cathodic Tafel slope. Accordingly, the
plastic deformation can lead to the increase of the anodic current. It was further stressed by Xie [39,106]
that the increasing of the corrosion rate induced by the plastic strain arises from the erosion process
rather than the prior mechanical deformation of the steel sample.

Islam and co-workers [107,110,111,115,116] conducted a series of studies on the interaction
between erosion and corrosion of API pipeline steels using cyclic erosion-corrosion tests. The typical
surface morphologies of API X100 steel after several erosion-corrosion cycles are summarized and
presented in Figure 16. Islam [116] concluded that the corrosion-enhanced erosion is induced by the
increase of the surface roughness, removal of work-hardened layers, accelerated removal of embedded
sand particles, and promoted delamination by extending sub-surface cracks during the corrosion
process. On the other hand, erosion can remove the protective film from the steel surface, break the
cementite network, provide favorable conditions for pitting, and increase the effective surface area by
increasing the surface roughness, which all accelerate the corrosion kinetics. Furthermore, erosion
can create sub-surface cracks and deform the work-hardened layer, which can also enhance corrosion.
Comparing the performances of API X42, X70, and X100 pipeline steels after cyclic erosion-corrosion
tests, it was found by Islam and co-workers [110] that API X100 provides the highest erosion-corrosion



Metals 2020, 10, 180 18 of 32

resistance among all API steels. The high erosion-corrosion resistance of API 100 steel is attributed to
the higher mechanical strength and better corrosion resistance. However, API X70 suffers the highest
erosion-corrosion loss percentage among all the API steels. This suggests that the pipeline made of
API X70 might have a faster material degradation when corrosive slurry is passing through.Metals 2020, 10, 180 18 of 32 
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Figure 16. SEM micrographs of API X100: (a) surface morphology after erosion-corrosion;
(b) micro-forging due to abrasive particle impact; (c) preferential dissolution of matrix around
an embedded particle; (d) pitting corrosion due to the breakdown of corrosion film [110], adapted
from [110], with permission from Elsevier, 2017.

Using a cyclic erosion-corrosion test can clearly identify the change of the surface morphology
and the crack propagation beneath the interface during the separated erosion and corrosion processes.
The impact velocity of the sand particles in the pure erosion process must be high enough (always
higher than 20 m/s) to induce significant damage of steel interface such as obvious plastic deformation,
ploughing, cutting, or even embedded sand particles. Otherwise, a low impact velocity which cannot
induce an obvious surface damage would have no influence on the following corrosion process. This
is totally different from the erosion-corrosion test conducted in corrosive slurry, where even 1.5 m/s
flow rate could lead to the synergy of erosion and corrosion [76]. In addition, the erosion-corrosion
cycle cannot be used to study the interaction between erosion and corrosion of stainless steels which
are protected by oxidation passive films. Most of the stainless steels can be self-passivated in natural
corrosion conditions. This suggests that, even after serious pure erosion, the restoration of the passive
film would soon be completed, leading to no corrosion happening in the following corrosion cycle.

4.2. Understanding the Erosion-Corrosion Behavior of Steels under Passive State

It is known that a passive film can form on the steel surface to prevent the steel substrate from
corrosion in various cases [117–120]. A thin passive film can form on the stainless-steel surface due
to the presence of the elements such as Ni, Cr, and Mo in the steel components [98]. For the carbon
steels, a passive film can also form which is usually composed of Fe3O4, γ-FeOOH, and α-FeOOH
in an alkaline environment [119]. The properties of the passive film are relatively different from the
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corrosion product films such as FeCO3 and some ferric oxides, which cannot be recovered once broken.
The local damage of the corrosion product film induced by high fluid shear stress or sand impacts can
result in the formation of macro-cell corrosion between the bare steel area and the area covered by the
corrosion product film [2,121,122]. However, the restoration of the passive film can be finalized in a
few milliseconds from the sand impingement and, thus, erosion-corrosion is hindered on the steel
surface under a passive state. Sasaki and Burstein [123] found that there is a threshold impact energy
of the sand particles to induce the rupture of the passive film on the stainless steel. It was also found
that the threshold impact energy would have an increase with the decrease of the impact angle. From
Sasaki’s study [123], it was empirically concluded that, if the impact energy of the sand particle reaches
0.03 µJ at normal impact, the sand particle would lead to the local breakdown of the passive film. This
suggests that a 2 m/s flow rate of a silica sand particle (160 µm diameter) can normally lead to the
breakdown of the passive film. However, in Hu and Neville’s work [124], it was found that obvious
erosion-corrosion of stainless steels only could happen when the sand impact velocity reached a critical
value. The test results showed that the impact energy of the sand particle at the critical velocity was
dramatically higher than 0.03 µJ. This phenomenon was confirmed in Yi and Wang’s studies [70,97],
where the breakdown of the passive film was not sufficient to induce obvious erosion-corrosion on the
passivated steel. They proposed that there is competition between the depassivation process caused
by sand impingements and the repassivation process, which determined the initiation of significant
erosion-corrosion. It is thought that the critical flow velocity is an indicator which suggests that the
depassivation time is equal to the repassivation time. Yi and co-workers [98] compared the critical
flow velocities of six different stainless steels in same corrosive slurry. The critical flow velocities of
the six stainless steels measured from different methods are listed in Table 1. It was found that the
stainless steel having a higher content of Cr and Mo element would have a better erosion-corrosion
resistance. In contrast, the addition of Ni element would lead to a lower erosion-corrosion resistance.
Since it was verified in previous studies that higher concentrations of Cr and Mo would facilitate
the repassivation process and the addition of Ni would retard the restoration of the passive film, the
different erosion-corrosion resistances of the stainless steels indicate that repassivation is an important
factor for the initiation of erosion-corrosion on passivated steels.

Table 1. Critical flow velocity measured by potentiostatic test (Vp), mass loss measurement (Vm), and
surface roughness measurement (Vr) under impingement by 3.5 wt.% NaCl solution with 2 wt.% silica
sand particles [98].

Materials Vp (m/s) Vr (m/s) Vm (m/s)

2Cr13 SS 12 11–13 11–13
304 SS 12 11–13 11–13
316 SS 12 12–14 12–14

2205 DSS 13 12–14 12–14
2507 DSS 13 12–14 12–14

254 SMO SS 14 13–15 13–15

Laleh and co-workers [100] compared the erosion-corrosion behaviors of commercial 316L stainless
steel and selective laser melting (SLM)-produced 316L stainless steel. The basic chemical compositions
of both 316L stainless steels were similar except that MnS inclusions were eliminated from the
SLM-produced 316L samples. Therefore, the SLM-316L stainless steel had a much higher pitting
potential than the commercial 316L stainless steel (Figure 17a), but the repassivation potential of
the SLM-316L was lower than that of the commercial one. Figure 17b shows the anodic current
of both commercial 316L and SLM-316L stainless-steel samples under 100-mV anodic polarization
in slurries with different flow rate. It is observed that the corrosion currents of the SLM-produced
samples were nearly 20–100% higher than those of the commercial samples. Results showed that
the erosion-corrosion resistance is controlled by the repassivation behavior rather than the pitting
resistance, which further verified Yi and Wang’s assumptions [97]. However, there is still no direct
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evidence which illustrates that the critical flow velocity is determined by the depassivation time and
repassivation time because the repassivation time is hard to measure. It seems that the repassivation
time is not a constant parameter which might be influenced by sand concentration, impingement
frequency, and impact angle. As a result, the critical impact energy is hard to accurately measure from
traditional methods such as scratch tests and one-sand-particle impingement tests [97]. In addition,
the definition of the complete repassivation is difficult, which means that critical flow velocity cannot
be fully understood. Zheng and co-workers [70,94,97] further studied the influences of the sand
concentration and impact angle on the critical flow velocity. It was reported that the increasing of
the sand concentration would lead to the decrease of the critical flow velocity, and the lowest critical
velocity would appear under oblique impacts ranging from 30◦ to 60◦.
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of commercial and SLM-produced 316L SS under +100 mV anodic polarization in slurries with different
flow rates (b) [100], adapted from [100], with permission from Elsevier, 2019.
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When the erosion-corrosion process on the steel surface becomes stable and the current decay
coefficient (τ) still can be deemed as a constant after multiple sand impingements, a theoretical model
was proposed by Lu and Luo [21,42] to predict the metal loss rate of passivated steels. Figure 18 shows
typical current responses with the breakdown of the passive film induced by multi-particle impacts.
The corrosion current density i would have an immediate increase after a sand impingement [21].

i = is + ipeak exp
(
−

tRP

τ

)
, (9)

where is is the stable passive current density, tRP (= t − t0) is the time period after impingement, and t0

is the moment when the impingement occurs. The average corrosion current density (i) over the whole
steel surface can be expressed as

i =
1
A

∫ A

0
idA, (10)

where A is the surface area of the steel. Since the fresh metal would be exposed to the corrosive slurry
after the sand impingements, the generating rate of the fresh metal area (

.
Ae) within a unit area can be

calculated as
.

Ae =

(
CpV sin θ

mp

)
Acrater, (11)

where Cp, θ, and V are the solid particle concentration, impact angle, and impact velocity, respectively,
Acrater is the average area of a crater newly formed by sand impingement, and mp is the average mass
of the sand particles. Since the corrosion current of the local areas would change back to i0+is after
new sand impingements, the derivative of the surface area having the same local current density over
the repassivation time can be written as

dA
dt

=
.

−Ae A. (12)
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Solving Equation (12), and substituting the solved results and Equation (9) into Equation (10), the
average corrosion current density can be calculated as

i = is + ipeak

τ
(

CpU sinθ
mp

)
Acrater

1 + τ
(

CpU sinθ
mp

)
Acrater

. (13)
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According to Equation (13), the erosion-enhanced corrosion of the stainless steels can be well
predicted. This theoretical model is also suitable for passivated carbon steels with the modification of
the current decay after sand impingement using the bi-exponential law [42].

i = is + i1 exp
(
−

tRP

τ1

)
+ i2 exp

(
−

tRP

τ2

)
. (14)

It should be noted that this model is established based on the assumption that the breakdown
and restoration of the passive film reaches a stable status, and the current decay coefficient is a
constant [21]. Once stable pitting corrosion propagates on the steel surface, this theoretical model
would be inapplicable.

As the breakdown of the passive film is the main lead for the synergy of erosion-corrosion of
passivated steels, only erosion-enhanced corrosion is discussed in this section. However, in the case
that a new sand impingement occurs on the area where the passive film is not well repaired from last
impingement, the corrosion would also enhance the erosion behavior. However, this case is more likely
to be a situation where erosion occurs under an active corrosion process which is introduced below.

4.3. Understanding the Erosion-Corrosion Behavior of Steels under Active Corrosion

Unlike passivated steels, the erosion-corrosion of the steels under active corrosion is a more
complicated process. The fresh steel surface would directly expose to the erosive and corrosive
environment, leading to erosion and corrosion simultaneously happening on the steel surface. It was
reported in Section 4.1 that the increased surface roughness and the removal of the work-hardened layer
are the main factors for the corrosion-enhanced erosion [111]. However, there is a basic requirement
for the appearance of these kinds of corrosion-enhanced erosion, whereby the impact velocity of the
sand particles should be high enough to induce significant surface plastic deformation or cutting.
Nevertheless, it was found that, if a sand particle with a relative low impact velocity (much lower than
the velocity to induce significant plastic deformation) indents on a steel surface, significant erosion
can also happen if the steel is undergoing active dissolution. This indicates that electrochemical
corrosion can lead to the decrease of the threshold for erosion initiation. Consequently, the concept of
“erosion-enhanced corrosion” in the corrosive slurry would be totally different from that in a cyclic
erosion-corrosion test.

It is known that the erosion rate is normally determined by the impact parameters of the
sand particles and the surface hardness of the target metal. The erosion rate can be expressed as
follows [22,125]:

We = K(Hv)−n, (15)

where K and n are the parameters which are decided by the particle size, impact velocity, and impact
angle, and Hv is the surface hardness of the target material. It is seen from Equation (15) that, when
the particle size, impingement velocity, and angle are fixed, the threshold for the initiation of erosion
is determined by the surface hardness. Guo and co-workers [126] studied the degradation of the
surface hardness induced by the anodic dissolution using in-situ nano-indentation technique. It can be
clearly seen from Figure 19a that the surface hardness had a double decrease with 1-mA/cm2 anodic
current applied on the steel surface. The surface hardness would recover back to a large extent after
corrosion. It can be further seen from Figure 19b that the influence of the surface hardness degradation
was less than 200 nm beneath the surface layer. The test results indicate that the corrosion-enhanced
erosion in the corrosive slurry is mostly induced by the in situ surface hardness degradation. Guo and
co-workers [126] suggested that the degradation of the surface hardness is caused by the generation of
vacancies in the metal surface layer. Some voids and fine cracks were also observed by Owen and
co-workers [17] using the focused ion beam (FIB) technique. The comparison of the cross-sections
of X65 steel samples after pure erosion and erosion-corrosion are presented in Figure 20. The voids



Metals 2020, 10, 180 23 of 32

and cracks were extremely close to the steel interface, which might have contributed to the surface
hardness degradation.
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In the further studies conducted by Guo and Lu [9,37], it was empirically found that the
relationship between the degradation level of the surface hardness and the anodic dissolution rate can
be expressed as
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where ∆Hv is the decreased surface hardness due to the anodic dissolution, Hv0 is the original surface
hardness, b is an experimental constant, ia is the anodic current density, and ith is the threshold
anodic current density to induce the surface hardness degradation. Substituting Equation (16) into
Equation (15), the corrosion-enhanced erosion can be obtained.

Wc
e

We0
= nblog

(
ia
ith

)
. (17)

In a test conducted by Guo and co-workers [9] in a flowing electrolyte without sand particles
using a rotation disc, it was found that the total steel loss was 1.3 times higher than the metal loss
induced by corrosion when the rotation speed reached 9000 rpm. The test results demonstrated that, if
the corrosion rate is high enough to induce significant surface hardness degradation, even the fluid
shear stress can lead to erosion without needing sand particles.

According to Guo and Lu’s work [9,37], the relationship between the anodic dissolution rate and
the erosion rate was basically studied. Nonetheless, most of these findings were obtained from steel
surface under rather larger anodic polarization. This means that the whole steel surface would suffer
anodic dissolution without any cathodic sites existing on the steel surface. Therefore, the obtained
results are significantly different from the natural corrosion conditions under OCP with both anodes
and cathodes simultaneously distributing on the steel surface to maintain a net zero current. On the
other hand, it is normally believed that the erosion-enhanced corrosion is induced by the wear of the
fluid force or the sand impingements, which can remove the corrosion product and maintain a high
mass transportation rate [118]. It is thought that the corrosion rate would have an increase with the flow
rate increasing at the initial stage. Once the flow rate increased to a certain value, the corrosion rate
would have no further increase due to the limitation of the mass transportation. Therefore, through the
calculation of We

c, it is found that the erosion-enhanced corrosion is tiny in high-flow-rate conditions
when the cathodic reaction is totally under diffusion control [9,10,14]. However, it can be clearly seen
from Figure 15 that, with the initiation of erosion-corrosion in the slurry, the corrosion morphology
significantly transforms from a long and narrow “flow mark” to craters [104]. This indicates that the
corrosion process might have a thorough change from large anodic areas to pitting corrosion with
the appearance of erosion. As a result, it is necessary to investigate how the local anode and cathode
would influence the erosion process, and, in turn, how the sand erosion can change the localized
corrosion behavior.

It was introduced in Section 3.3 that WBE can be used as an effective method for visualizing
the dynamic change of localized corrosion in a flowing slurry. Therefore, WBE was employed
to probe the initiation and propagation of both FAC and erosion-corrosion under different test
conditions [53,104,105]. It is seen from Figure 21a,b that the anodic sites would expand along the flow
direction due to the analyte transportation from the tip pit to the downstream as shown in Figure 22a,
finally leading to the formation of “flow mark” in FAC conditions. However, as shown in Figure 21c,
once the steel surface is eroded by sand particles, the anodic sites would fix at certain areas due to
the formation of craters which are mostly induced by the sand impingements at the anodic sites. The
craters are much deeper than the “flow mark”, which retards the transportation of the analyte. With
the accumulation of corrosive agents in the deep craters, the craters would possibly propagate to pits,
which leads to the change of the surface morphology. As shown in Figure 22b, new craters would
form close to the initial craters as the rims of the initial craters become new anodic sites. On the
other hand, the cathodic areas on the steel surface are less affected by the impingements because the
cathodic current can inhibit the surface hardness degradation and provide a local high-pH condition.
From the WBE test, it is found that, under natural active corrosion conditions, the interaction between
erosion and corrosion cannot be simply quantified from the calculated components as presented in
Equation (1). More work should be conducted in the future to understand the coupled effect between
the localized corrosion and local sand impingement.
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Figure 21. The current distribution maps measured from WBE exposed to electrolytes under 
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stirring, and (c) electrolyte under 2000 rpm stirring with 10% sand addition [53], adapted from [53], 
with permission from Elsevier, 2019. 

Figure 21. The current distribution maps measured from WBE exposed to electrolytes under different
flowing conditions: (a) electrolyte under 1000 rpm stirring, (b) electrolyte under 2000 rpm stirring, and
(c) electrolyte under 2000 rpm stirring with 10% sand addition [53], adapted from [53], with permission
from Elsevier, 2019.
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5. Summary

1. The rotating disc/cylinder electrode system is the most economic and convenient method
for the study of erosion-corrosion. However, the real sand concentration and the smoothening of
the sand shape due to long-term erosion cannot be controlled in the test cell. The flow velocity and
impact angle can be well controlled using a jet impingement rig, and the continual sand feeding can
ensure the concentration and the shape of the sand particles. Flow loops are always used to study the
erosion-corrosion of some typical large-scale pipe sections such as the elbow and weldment, as well as
pipe sections having a sudden diameter change.

2. Typical non-electrochemical methods such as the ER method and acoustic emission measurement
are usually used in the field test to capture the total metal loss rate and the sand rate. However,
the interaction between erosion and corrosion cannot be captured only through non-electrochemical
methods. The combination of electrochemical and gravimetric measurements is the most common
method for the study of erosion-corrosion in lab tests. The interaction and synergy between erosion
and corrosion can be analyzed. However, the measurement error for both corrosion-enhanced erosion
and erosion-enhanced corrosion cannot be avoided based on these traditional methods.

3. Although the same equation is used to describe the erosion-enhanced corrosion and
corrosion-enhanced erosion in both the cyclic erosion-corrosion test and the erosion-corrosion test
in a corrosive slurry, the meaning of We

c and Wc
e in a cyclic erosion-corrosion test is totally different

from that in the test conducted in the corrosive slurry. Since the erosion process and corrosion process
are completely separated in an erosion-corrosion cycle, it is better to use “interaction” to describe We

c
and Wc

e in a cyclic erosion-corrosion test rather than “synergy”. “Synergy” is preferred to clarify the
coupled effect of erosion and corrosion, which should happen simultaneously on the steel surface.

4. The main synergistic effect is erosion-enhanced corrosion for the passivated steels. The increased
corrosion rate is mostly induced by the breakdown of the passive film due to the sand impingements.
However, serious erosion-corrosion would occur only when the flow velocity increases to a critical
value, which is much higher than the flow velocity that can induce the breakdown of the passive
film. It is proposed that the critical flow velocity for the initiation of significant erosion-corrosion of
passivated steel is determined by both depassivation and repassivation processes.

5. The surface hardness would have an in situ degradation under active anodic dissolution,
which can significantly lead to the decrease of the threshold for erosion imitation. Therefore, the
main synergy is corrosion-enhanced erosion when the steel is under active corrosion. Under natural



Metals 2020, 10, 180 27 of 32

corrosion conditions, the sand impingement at the anodic sites would lead to the corrosion behavior
transforming from a “flow mark” to pitting corrosion due to the accumulation of corrosive agents in
the deep craters. In turn, new impingement craters would appear close to the initial craters with the
pitting propagation. On the other hand, the cathodic areas on the steel surface are less affected by the
impingements because the cathodic current can inhibit the local degradation of the surface hardness
and provide a local high-pH condition. In addition to the general synergy of erosion and corrosion
calculated from typical equations, the transformation of the localized corrosion pattern should be paid
more attention in future erosion-corrosion studies.
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