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Abstract: Erosion-corrosion behavior of piping systems is a critical issue for their durability. This
work concerns the erosion-corrosion behavior of carbon steel as a function of abradant characteristics
as particle size and concentration. Degradation tests were performed in a jet erosion-corrosion cell
with a maximum flow rate of 4.8 m/s, and jet angles comprised 30◦ and 90◦. Abradant particles con-
sisted of angular alumina powder with a mean diameter of 181, 219, and 359 µm. A critical threshold
flow velocity of about 2.5 m/s was determined when experiments were performed with particles
with diameters of 181 µm and jet angles of 45◦. Even if erosion did not occur, the degradation rate
increased compared with the stagnant condition because of dissolved dioxygen supply. A maximum
of erosion-corrosion of 4 mg × cm−2 × h−1 was determined for the jet angle of 45◦, irrespective of
the particle sizes. The increase of abradant concentration led to a higher degradation rate regardless
of the jet angle. However, the degradation rates tended to limit values of 7 mg × cm−2 × h−1 at 45◦

and 5 mg × cm−2 × h−1 at 90◦. Above a critical concentration, a slowdown of the degradation was
measured, suggesting that particle behavior in dense fluid acts on material degradation. This critical
concentration can be understood from the interactions of the particles in concentrated media that
modify trajectories in the flow and at the metal surface, reducing their kinetic energy consequently.

Keywords: erosion; corrosion; abradant concentration; carbon steel

1. Introduction

Turbomachinery, short and long-distance pipelines, pumps, etc., are constitutive to
fluid transportation structures. Because the fluids can contain hard particles, materials are
submitted to abrasion, erosion, and corrosion. Slurry erosion and slurry erosion-corrosion
behavior of materials depend on environmental and experimental conditions. For passive
materials such as stainless steel, the synergistic effect between erosion and corrosion is
expected since the passive is scratched by the particles and rebuilt shortly after [1]. In
carbon steels, the oxide film is less resistant, the mechanic usually dominates the matter
loss, and the hardest phase is more effective in erosion resistance [2–4]. However, the
material potential and the solution temperature can play a role in the transitions between
erosion-corrosion regimes, as Stack et al. [5] showed.

Often, eroded and abraded metallic surfaces show similarities. However, a separation
based on the mechanical-wear process is made [5]: abrasion does not require the impinge-
ment of hard particles to generate a material loss, whereas erosion deals with the kinetic
energy transfer of hard particles to the substrate [6]. Consequently, shorter contact times
between particles and substrate are expected in erosion than in abrasion [7]. Slurry erosion
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(SE) or erosion-corrosion (SEC) occurs when abrasive particles are transported in a fluid,
gas, or liquid, respectively. In the case of SEC, the mechanical degradation due to collisions
is added to the corrosivity of the solution. Wood et al. provided the main variables acting
in slurry erosion. It concerns the liquid (density, temperature, viscosity, corrosivity, etc.),
the particles (hardness, density, velocity, sharpness), the flow field (angle of impingement,
boundary layer), the substrate metallurgy, and surface properties [8].

Erosion and erosion-corrosion tests are performed at the lab scale with a slurry pot or
slurry jet cells [6]. In a slurry pot, the sample rotates inside a cylindrical tank. Particular
attention is paid to particle flow and vortex generation due to cell design [9]. Conversely,
jet erosion cells are based on the abradant spraying on the sample surface through a nozzle
installed in a circulation loop. Further details are available in [4,6]. Recently instrumented
pipes or pipe elbows have been developed to discuss the influence of flow and particle
distribution on the erosion rate. Metallic samples were mounted in a polymer pipe, and
CFD calculations were carried out to select the right places for the electrode array [1,10–12].
Because particle velocity and impact angles are better controlled in jet erosion cellule, the
latter is preferred to rank materials or understand the erosion or erosion-corrosion behavior
of materials versus the slurry characteristics, impingement condition, and impingement
condition of the abradant particles.

Parameters affecting the slurry erosion rate were recently detailed by Javaheri et al. [6].
A summary is provided here regarding the abradant particle properties and the impinge-
ment conditions. For the particle properties, sharp angular particles cause more erosion
because of easier rotation in the flow (i.e., higher kinetic energy) and punctual energy
exchange during impact [13]. A power-law dependence of erosion rate on the particle
size was observed since large particles transfer more kinetic energy and cause greater
degradation [14]. An increase in the abradant hardness enhances the degradation rate.
However, erosion rate reductions have been observed for high fluid viscosity and high
velocity (>50 m × s−1) [15,16]. Note that a simultaneous increase of the particles and
target hardness leads to a constant erosion rate [17]. For the impingement conditions, the
particle velocity and impact angle are the two main parameters. A power-law dependence
between the size and the erosion rate is reported with coefficients depending on the test
conditions [3,5]. If bigger particles exchange more energy than smaller ones, they can easily
break when they impinge on the surface with high velocity. Small fragmented particles
may follow the streamline, while larger particles may generate secondary impacts inside
or outside the crater [18]. The slurry erosion rate is also affected by the impingement
angle and depends on the target ductility. For ductile materials such as carbon steel, the
maximum erosion is often reported between 30◦ and 50◦, whereas it is about 90◦ for brittle
materials [19–21]. Besides, the sample surface morphology significantly affects the slurry
erosion, shown by Chen et al. [22]. Using controlled groove geometries (V shape or U
shape), they demonstrated that V-shape defects better resist erosion while the vortex inside
grooves contributes to the degradation mechanism.

In piping systems, low carbon steels with ferrite pearlite microstructure are often used,
as in the cooling system of the Fukushima Daichi power plant. In the actual situation, the
cooling system contains particles abrading the pipe surface and later leading to failure.
Therefore, it is interesting to characterize this material resistance under erosion-corrosion
conditions. On the one hand, the flow velocity in the current piping system is lower than
5 m × s−1, which is below the considered velocity in most work (mining conditions, as
an example). On the other hand, this work aimed to understand how the degradation
rate evolves with different batches of particles sizes or concentrations. For this purpose, a
jet cell was designed to control the flow velocity and the jet angle and experiments were
designed to identify the effect of particle size and concentration on the damage.
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2. Experimental Part
2.1. Metallic Substrate

Experiments were performed on mild steel (JIS-SM400B equivalent to DIN17100)
provided by Nippon Steel (Tokyo, Japan). The microstructures (surface and cross section)
were observed with SEM S3000 from Hitachi (Tokyo, Japan). The chemical composition
was determined by SEM-EDS from Nippon Steel inspection service and are reported in
Table 1. Coupons of 2.5 × 2.5 cm2 were extracted from 4 mm thick sheets. The surfaces
under interest were grounded using an emery paper SiC grade 500, rinsed with distilled
water, and dried with pulsed air. No additional thermal or mechanical treatments were
performed on the industrial sheets before tests.

Table 1. Chemical composition of SM400B determined by SEM-EDX in wt.%. Standard values are
also reported.

Elements C Si Mn Cr P S Fe

sample 0.14 0.21 0.85 0.02 0.012 0.006 Bal.

Standard <0.2 <0.35 0.6–1.4 Not specified <0.035 <0.035

Figure 1 shows the two-phase microstructure of the material after a Nital etching. The
ferrite grain size was about 20 µm ± 10 µm without preferential orientation after rolling.
Perlite surface covered about 15% of the surface, as shown in Figure 1, when treated with
public ImageJ software (V1.53, Bethesda, MD, USA). Micro Vickers’ hardness of 220 ± 20
was measured on polished surfaces after OPS preparation and chemical etching. Then, the
erosion-corrosion samples were fixed to the sample holder and then mounted in the testing
cell. Metallic surfaces out of interest were protected with a varnish to avoid edge corrosion
or back-surface corrosion. Note that a new sample was used for each tested condition.

Figure 1. Ferrite perlite microstructure of SM400B after chemical etching in Nital solution.

2.2. Corrosive Solution and Abradant

The fluid for Flow Erosion Corrosion (FEC) or flow corrosion (FC) tests were per-
formed with an aerated 0.005 M Na2SO4 solution with a natural pH of 6.5 (Tsolution = 33 ◦C).
This solution was used to limit ohmic drop during electrochemical measurements and
mitigate aggressivity of the solution to enhance the effect of abradant impacts.
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Alumina particles (As-one, Japan) were selected as the abradant. They were used in
different concentrations and sizes to modify the solution turbidity and the total suspended
solids. Figure 2 shows their morphologies (left column). Whatever their size, particles
presented sharp angles prone to cutting impacts. The right column, Figure 2, reports the size
distributions of three batches of particles determined by laser granulometry measurements
(LMS-3000, Malvern instrument (Malvern, UK). The smallest particle size had a Dv(50) of
181 µm (Figure 2b). The second batch was characterized by a Dv(50) of 219 µm (Figure 2d).
Finally, the largest particles had a Dv(50) of 356 µm (Figure 2f). Note that the second and
third batches presented large size distributions. Hereafter, each abradant was labeled by its
respective Dv(50).The number of particles was roughly estimated to 1.6 × 105, 1.4 × 105,
and 0.2 × 105 units × g−1 for 181 µm, 219 µm, and 356 µm, respectively [23]. Note that
new solution and new particles were used for each test (no solution or particle recycling
was practiced here).

Figure 2. Optical images of Al2O3 particles with an average diameter of (a) 181 µm, (c) 219 µm, and
(e) 356 µm. Respective size distributions are (b) 181 µm, (d) 219 µm, and (f) 356 µm.

2.3. Electrochemical Parameters

The mild steel was the working electrode connected to a VP300 potentiostat (Grenoble,
Biologic, France). The counter electrode consisted of a graphite rod of 16 cm2, and the
reference electrode was a Mercury Sulfate Electrode (0 V/MSE = +0.650 V/ENH). An
ohmic drop (IR drop) of about 160 Ohm was determined by electrochemical impedance
spectroscopy at 100 MHz. Polarization curves were corrected to the IR drop. The elec-
trochemical sequence consisted of: (i) an Open Circuit Potential (OCP) of 60 min and (ii)
linear sweep voltammetry (LSV). The LSV started from the OCP to a reverse potential
of −1.4 V/MSE (partial reduction of oxide on the surface), then from −1.4 V/MSE to
−0.6 V/MSE. The scan rate was fixed to 1 mV × s−1. The measurements were performed
at least two times. Since high reproducibility was found, only one curve is displayed in the
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following. For Tafel fit analysis on LSV curves, the equivalent weight of steel was 28.25,
and the density was equal to 7.7 g × cm−3.

2.4. Flow-Corrosion and Erosion-Corrosion Experiments

Figure 3a shows a schematic representation of the FEC cell adapted from Lopez et al. [24].
The solution flowed in a single loop by the mean of a peristaltic pump (Verderflex Vantage
5000, Eragny-sur-Oise, France). The hose was provided by Verderflex (Verdeprene LP
2.4WT, Eragny-sur-oise, France) and had a fixed length of 1 m. The distance between the
cell outlet and the pump entry and the gap between the pump exit and the nozzle inlet
were kept constant to avoid pressure drop. Note that the jet pressure was not measured in
this work. The flow velocity at the nozzle exit was controlled by the pump rotation and the
nozzle diameter reduction (exit diameter of 4 mm). With this setup, a maximum flow rate
of ~0.25 m × h−1 was achieved with a flow velocity of 4.8 m × s−1. The jet angle varied
between 30◦ and 90◦. However, most of the experiments were performed either at 45◦ or
90◦, as explained later. The standoff distance or dmoy (i.e., the distance between the nozzle
axis outlet and the sample surface) is adjusted by controlling the distance h in Figure 3b
with slip gauges.

Figure 3. (a) Schematic representation of the jet corrosion cell and (b) definition of the nozzle-
sample distance.

For flow-corrosion experiments (solution without abradants), the erosion crater was
not detectable with the optical 3D microscope; therefore, weighing analysis was applied
(Equation (1)). The variation of coupon masses was recorded with a high-precision balance
(MSE225S, Satorius, Gottingen, Germany, precision 0.01 mg). Before weighing, the pro-
tective varnish was removed in acetone to avoid the influence of possible polymer water
uptake. Note that any corrosion product was found below the varnish. Moreover, the
corrosion products were eliminated in the inhibiting solution of the ASTM standard G1-03.

ECweighing =
(mi − mt)

S ×
( t

3600
) in

[
mg × cm2 × h−1

]
(1)

where mi is the initial mass of the sample (mg), mt is the mass of the sample after erosion-
corrosion (mg), S is the surface of the coupon (cm2), and t is the duration of the experiment.

3D profile measurements quantified degradation of SM400B during erosion-corrosion
tests at the crater position. Optical images of the damaged surfaces were recorded with a
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3D microscope (Keyence VR5000, Osaka, Japan). The whole surface was mapped with the
high-magnification mode and the ×160 objective. The volume of the crater was extracted
from the 3D-image analysis (Software analysis Keyence, Osaka, Japan). The mass loss was
then calculated under the metal density assumption equal to 7.7 g/cm3 with Equation (2).

EC3D pro f ile =
7.7 × V

S ×
( t

3600
) in

[
mg × cm2 × h−1

]
(2)

where S is the surface of the coupon (cm2), t is the duration of the experiment, and V is the
crater volume (cm2).

After erosion tests, cross-sections of selected craters were prepared by embedding
samples in resin, cutting with a circular saw, and surfaces were polished until OPS finishing
solution. The microhardness measurement was performed according to ISO14577-1 using
an ultra-micro hardness tester (DUH-211, Shimadzu, Kyoto, Japan). The indentation load
of 3.2 mN was determined to measure the ferrite phase only. The indentation hardness was
converted to Vickers hardness (HV*).

3. Results and Discussions
3.1. Flow Corrosion Rate

The influence of the flow without abrasive particles on SMB400 degradation was
studied in this section. Because of the low degradation rate, degradations were not deter-
mined by 3D image analysis but by weighing. Figure 4 reports the effects of the standoff
distance, the jet angle, and velocity on the mass losses. Experiments were performed
in the 0.005 M Na2SO4 solution at 33 ◦C (pH 6.5). Note that only two jet angles were
tested, 90◦ and 45◦, since they correspond to the minimum and maximum degradation, as
discussed later. For SMB400 immersed in stagnant solution, the corrosion rate was around
0.05 mg × cm−2 × h−1 and it increased up to 0.3~0.4 mg × cm−2 × h−1 when the solution
flowed on the sample surface. For experiments performed with a jet angle of 90◦, the mass
loss decreased continuously with the standoff distance. A modification of the jet angle from
90◦ to 45◦ slightly increased the mass-loss rate. Finally, the flow velocity reduction has
consequences of mitigating the mass loss. Zeng et al. [25] measured similar flow corrosion
rates for carbon steel coupons fixed in a polymer elbow pipe.

Figure 4. Flow corrosion rate as a function of the nozzle-sample standoff distance (dmoy)—the flow
angle at 90◦ and 45◦ and two flow rates 2.6 m/s and 4.8 m/s.
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Electrochemical characterizations (OCP and polarization curves) were carried out
during these experiments, and representative OCP and LSV curves were plotted and are
shown in Figure 5.

Figure 5. Influence of the flow velocity and the standoff distance on (a) the open circuit potential and (b) polarization curves
on SMB400B in 5 × 10−3 M Na2SO4 pH 6.5 solution. Influence of the jet angle on (c) OCP curves and (d) polarization curves.
Effect of particles in jet flow on (e) OCP curves and (f) polarization curves.
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In stagnant conditions (i.e., fluid velocity = 0 m × s−1), the OCP drops towards the
negative values instantly with the sample immersion (Figure 5a). This trend confirms the
corrosion susceptibility of the SM400B even at a low concentration of anionic species. After
1 h, OCP stabilized about −1.05 V/MSE. According to the redox potential table, this mix
potential corresponds to the iron dissolution (Fe 
 Fe2+ + 2e ) and the dissolved dioxygen
reduction [26]. Note that the latter is under mixed charged transfer and mass transport
control [27]. When fluid circulation starts after 600 s, the OCP jumped until −0.75 V/MSE
and slowly decreased to stabilize about −0.9 V/MSE. This potential variation highlights a
change in the kinetics of the reactions. On the LSV curves recorded (Figure 5b), the cathodic
current in the jet condition was ~10 times higher than in a stagnant solution, whereas
anodic current reached values measured in stagnant conditions. The dissolved dioxygen
supply increased at the sample surface, the cathodic current increased, and the potential
moved toward positive values [28]. The flow velocity has a slight effect on the anodic
branch related to the dissolution of iron kinetic: the higher the velocity is, the higher the
current density. Note that the location of the corrosion potential was somehow unusual for
the experiments at 4.8 m × s−1. Indeed, a more significant shift of the potential should be
expected with the cathodic current increase. It is believed that the potential inversion is
related to the mechanical resistance of the iron oxides with the jet velocity.

Figure 4 also shows the role of the standoff distance and jet angle in the degradation
rate. However, these trends cannot be evidenced from electrochemical OCP and LSV curves,
which look similar (Figure 5a,b for standoff distance and Figure 5c,d for the jet angle).
Therefore, Tafel fits, based on the Stern and Geary equation, were applied on LSV curves.
From Tafel fits, estimation of the anodic (βa) and cathodic (βc) Tafel coefficients to locate
the corrosion potential (Ecorr) were possible, and quantifications of the corrosion current
density (Jcorr) and the corrosion rate were proposed. The mass losses were then estimated
with the uniform and general corrosion mechanism assumption. EC-Lab software (from
Biologic, France) was used for data treatments.

In Table 2, the results confirm that the surface reactivity was modified with the flow
conditions depicted by the βa and βc increasing. A Tafel constant 120 mV/decade is
usually given to dissolve dioxygen reduction under mass transport limitation. An increase
of βc may result from additional surface redox couples, such as iron oxide hiding the
surface for the oxygen reduction or reducing the mass transport in stirred solution in favor
of charge transfer limitation [29,30]. βa values were in the range of 200 mV/decade, in
agreement with the iron dissolution controlled by charge transfer and mass transport. An
increase of βa with the solution stirring is consistent with solution motion modifying the
limiting boundary diffusion layer [31,32]. Finally, even if LSV curve differences are weak
in the first approach, mass loss quantifications from Tafel fits confirmed an increase of
degradation with the flow rate.

Table 2. Tafel Fit analysis from LSV curves (Figure 4). Errors bars are for Ecorr ± 0.02 V, Jcorr ± 2 µA.cm−2, βc and
βa ± 10 mV/decade, Corrosion rate ± 0.03 mm/year, and Mass loss ± 0.02 mg.cm−2.h−1. The mass loss measured by 3D
profilometry is also reported.

Sample Condition
(90◦ + 45◦)

Erosion-Corrosion Rate by Electrochemical Measurements Weighing

Ecorr
V/MSE

Jcorr
µA/cm2

βc
mV/dec

βa
mV/dec

Corrosion Rate
mm/year

Mass Loss
mg × cm−2 × h−1

Mass Loss
mg × cm−2 × h−1

0 m × s−1

(90◦, 0 g × L−1)
−1.09 2 115 92 0.02 0.02 Not detectable

2.6 m × s−1

(90◦, 0 g × L−1)
−0.86 88 297 171 1.15 0.08 0.29

4.8 m × s−1

(90◦, 0 g × L−1)
−0.84 137 271 190 1.65 0.14 0.39

181 µm
(90◦, 10 g × L−1) −0.88 156 260 186 1.87 0.16 0.64

219 µm
(90◦, 10 g × L−1) −0.87 181 322 234 2.18 0.18 0.83
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However, a difference is noticeable between mass losses estimated with Tafel extrapo-
lations and weighing. The damage was higher with the gravimetric measurements than
electrochemical measurements, whatever the experimental condition. Such deviations
might come from (i) the βa and βc imprecisions leading to a corrosion rate error within
a range of 50% [33]; and (ii) the influence of Tafel constants by the close presence of re-
versible potentials of oxidation and reduction processes [34]. Anodic and cathodic areas
established during the OCP and the cathodic potential reach during LSV may not be high
enough to reduce all the oxides; therefore, the surface reactivity is influenced by local
galvanic coupling affecting the Tafel extrapolation, as reported by Angst et Büchler [35].
Finally, corrosion rates determined by Tafel extrapolation consider only electrochemical
reactions taking place on the whole surface. Therefore, the surface-state chemistry, includ-
ing oxide, chemical dissolution of material, the production of fine metallic particles, and
intermediate reactions during anodic dissolution such as oxide grow, are not considered in
electrochemical measurements [36].

Optical observations after the test revealed that oxide grew even in jet flow conditions
(Figure 6). The surface-optical observation reports corrosion scales randomly distributed
in stagnant conditions and probably located at metallurgical defects as small precipitates
or surface defects from grinding (Figure 6a). With the jet flow, oxides grow even if there is
fluid pressure and streamlines at the surface [37]. It is worth noting that the oxide has a star
morphology, enlightening the influence of shear forces and streamlines (Figure 6b) [38,39].
As the standoff distance increased (Figure 6c with 2 mm, and Figure 6d with 7 mm), the
streamlines diverged to the stagnation point (axis of the flow and signed by the convergent
point of the oxide lines) [40,41]. Consequently, the oxide area expanded. Outside, localized
corrosion initiated randomly as in the stagnant condition shown in Figure 6a.

Figure 6. Optical images of the corrosion products distribution on SM400B in stagnant solution.
Images after experiments with a flow rate of 4.8 m × s−1, (a) standoff distance of 7 mm and (b) a
flow angle 45◦, (c) a standoff distance of 2 mm (90◦), and (d) a standoff distance of 7 mm (90◦).
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These optical observations also indicate that the flow velocity was not powerful
enough to detach the oxide, confirming the difference in corrosion rate between elec-
trochemical and gravimetric measurements. Note that a change in the corrosion scale
distribution was not detectable when the jet angle was tuned. No further investigation was
carried out on the oxide chemistry, morphology, and thickness as the abrasive particles
enhance the loss of matter and mechanically remove them.

3.2. EC Rate versus Impact Angle and Particle Velocity

This section evaluates the mass losses of SMB400 in the particle/aggressive solution
environment as a function of (i) the experiment duration, (ii) the jet angle, and (iii) the
flow velocity.

(i) Duration. Linear variations of the erosion rate with the experiment duration are
usually reported in the literature [42]. However, less information is available in erosion-
corrosion, even if a similar trend is expected. For this purpose, particles of 189 µm impacted
the SM400B surface from 40 min to 180 min. These tests were carried with a particle
concentration of 10 g × L−1. Results, plotted in Figure 7a, showed a quasi-linear evolution
of the mass loss with the test duration, enlightening the first order of particle collision
effects on the material degradation.

(ii) Angle. The literature reports a maximum erosion rate between 30◦ and 60◦ for
a ductile material. As no universal value exists, specific experiments were performed
for impact angles between 30◦ and 90◦ with a jet velocity of 4.6 m/s and a concentration
of 10 g × L−1 (particle size of 181 µm, Figure 7b). In these conditions, the maximum
erosion-corrosion rate was found for an impact angle of 45◦ while a jet angle of 90◦ induced
small losses. Al-Bukhaiti et al. [43] reported a maximum degradation at 45◦ for mild steel
(i.e., 1017 steel). As shown in Figure 7b, the subsequent experiments were performed only
with two impact angles: 45◦ and 90◦.

(iii) Flow velocity. The effect of flow velocity (with particles) on mass losses was
studied in the range of 0 m × s−1 to 5.5 m.s−1, knowing that the targeted velocity is
4.8 m × s−1. Figure 7c reports a negligible effect of particle impacts in the degradation
rate below a jet velocity of 2.5 m × s−1. Above this threshold value, a power-law increase
of the loss with the fluid and particle velocities was observed. The erosion-corrosion
rate was about 1.75 mg × cm−1.h−1 at the highest jet velocity, and the degradation rate
became ~4 times higher than in the case without particles. This degradation enhancement
is attributed to the particle kinetic energies that depend on the flow velocity, the abradant
concentration, and the particle size distribution [1,6]. In dry conditions, Wood et al. [44]
developed a general equation (Equation (3)) to express the relationship between the erosion
rate (W) and the impact velocity of the particles (Vp). The parameter a is also known as
the material/particles constant [45]. Some authors notice that this empirical equation fits
well for a rapid increase in mass loss with high flow rates but could deviate for low flow
velocity [46].

W = mp × Vn
p × K × Fα = a × Vn

p (3)

where mp is the mass of particles, and K is a constant depending on the material. Fα is the
material-dependent function of the impact angle from 0 to 1. n is the material-dependent
index. This index varies between 0.34 and 4.83 depending upon the particle size, geometry,
and material properties [3,5].

In this work, an excellent approximation of the experimental data was obtained
for a material-dependent index n around 4.39 and a material/particles constant ~0.001.
These values are significantly higher than those of about 2.5 reported in dilute solution by
Clark [39]. Indeed, this index is expected to increase when the particle concentration is
higher than the threshold values (estimated about 10 wt.% by Clark), when the physical
properties of abradant are significantly different to the substrate one [7,47,48], and the
particles are sharper and angular [47,49]. It has be to be noticed that ductility rather than
hardness controls the erosion rate [50,51]. Additionally, in the case of dual phase material,



Metals 2021, 11, 1152 11 of 21

it has been shown that cementite lamella orientation, size, and shape affect the erosion
mechanism [52,53].

Figure 7. Mass loss rates function as (a) the experiment duration (181 µm particle, 10 g × L−1,
impingement angle of 45◦), (b) the impact angle (181 µm particles, 10 g × L−1, jet velocity of 4.8 m/s),
and (c) the flow velocities (181 µm particles, 10 g × L−1, jet angle of 45◦).

3.3. Particle Size

The effect of particle size on mass losses was studied at jet angles of 45◦ and 90◦

and a flow velocity of 4.8 m × s−1. On the one hand, the particle concentration was
arbitrarily fixed at 100 g × L−1, corresponding to approximately 1.6 × 107, 1.3 × 107 and
0.2 × 107 particles for the batches of 181 µm, 219 µm, and 356 µm, respectively. On the
other hand, approximately 2 × 106 particles were added in the solution for each size batch.
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Figure 8a reports a linear increase in EC with the particle diameter for a concentration
of 100 g × L−1. A threshold size could be extrapolated below in which no degradation
occurred [54,55]. In the present conditions, particles lower than 2 µm may not mechanically
interact with the solution according to Peng et Cao [11] and Niu et al. [40]. If they hit the
surface, they are characterized by low kinetic energy and a low impact angle, leading to
weak or negligible transfer energy. According to particle size analysis (Figure 2), such
small particles are not present in batches; therefore, all particles may contribute to the
material erosion-corrosion. Figure 8a also depicts that larger particles lead to a higher EC
rate because of their higher striking efficiency and the higher energy dissipation during the
collision, even if the number of particles decreased as the mean batch size increased [56].
This trend suggests that larger particles might be able to reach the fluid velocity and scratch
the surface even if their Stokes number estimated at approximately 1.5, 2.3, and 3.6 for
particle sizes of 181 µm, 219 µm and 356 µm, respectively suggest that particles may detach
from the stream lines when approaching to the material surface.

Figure 8. Effect of the particles on the mass losses for particle sizes of 181 µm, 219 µm, and 356 µm considering (a) a
concentration of 100 g × L−1 and (b) about 2 × 106 particles in solution.

In a second instance, EC experiments were performed with about 2 × 106 particles per
liter of solution. This value was calculated from the Dv values and may not correspond to a
strict reality since no additional sieving was realized. This number of particles corresponds
to concentrations of 12.4 g × L−1, 14.4 g × L−1, and 100 g × L−1 for the particle sizes
of 181 µm, 219 µm, and 356 µm, respectively. Figure 8b shows a power-law dependence
of the erosion-corrosion rate with the size as typically reported in the literature [54]: the
higher the impact energy of large particles is, the more extensive the mass loss is. The effect
observed in Figure 8a is amplified: the number of scars and their size decreased as the size
of the abradant reduced [54]. This trend also confirms that the concentration of a batch of
particles in solution is a parameter as important as the particle size.

3.4. Particles Concentration

The 181 µm particle batch was then selected to discuss the influence of the abradant
concentration on the erosion-corrosion rate of SMB400. The 181 µm batch concentration
varied from 0 g × L−1 up to 150 g × L−1. This higher limit was fixed to avoid dense fluid
and additional forces on the pumping system. Figure 9 reports the EC rate as a function of
the concentration for the jet angles of 45◦ and 90◦. As expected, the particle concentration
increased collisions and led to a higher erosion-corrosion rate [15,40,57].
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Figure 9. (a) Erosion-corrosion rate as a function of the particle concentration (181 µm) for jet angles
of 90◦ and 45◦; lines correspond to Fit results from Equation (4). Crater profiles with impingement
angles of (b) 90◦ and (c) 45◦ (for particles 181 µm batch, 4.8 m × s−1).

The erosion-corrosion curves showed a nonlinear trend beyond particle concentration
of 50 g × L−1 irrespective of the jet angle. This slowdown is understood, considering
the particle’s behavior in the jet flow and over the material surface. For Zitoun et al. [58],
polygonal particles have a higher chance of rotating in the jet than spherical particles. The
theoretical volume occupied by one polygonal particle becomes bigger, decreasing the
interparticle distance. As a result, the number of inter particles collisions rises with the
concentration while the kinetic energy of the particles and the erosion rate slow down.
Besides, the stagnation zone properties (thickness, pressure, etc.) are modified with the
solution density, which reduces the kinetic energy of the particles [16]. Particle motion
becomes limited at the surface vicinity because of the fluid density and shielding effect:
rebound particles might stay longer at the surface and inside the erosion crater because of
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the arrival of new particles. Even if a stagnation point exists whatever the jet angle, the
asymmetric pressure and the boundary layer thickness decrease more rapidly with a jet
angle of 45◦ and, thereby, the particles strike the surface more readily, explaining the highest
degradation rate in dense solution [59,60]. Additionally, the momentum equilibration
number of the particles increases with the fluid density, reflecting the particles’ tendency to
follow the streamlines. Consequently, the particle impact angle is modified as the number
of inter particles collisions leads to a total kinetic energy reduction of the abradant and
slows down the erosion-corrosion rate [16,61].

Figure 9b,d reports the cross-section profiles of erosion craters for the jet angles of 45◦

and 90◦, respectively. Whatever the impingement angle, the maximum depth increased
with the particle concentration. This trend is consistent with the increase of number impact
with a high level of particles. For the jet angle of 90◦, the cross-section profiles presented a
double-V shape profile centered on the stagnation point. The erosion depth increased from
the stagnation point until a maximum and then reduced for large distances. The erosion
increased until 50~90 g × L−1 at the stagnation point (x = 0, Figure 9c) and decreased
for higher concentrations. The wave shape profile results from the particle trajectories
depending on the flow velocity, the particle size, and the solution viscosity [24,40,62,63].
Note that the particle size distribution and the flow velocity were kept constant between all
the experiments. Small particles follow the streamlines more efficiently in a dilute solution
and hit the surface with low angles and far from the stagnation point. Therefore, the tiny
particles’ micro-forging abilities or cutting action are weak, mainly removing the oxide
layer [40,62]. In contrast, large particles may strike the surface close to the stagnation point,
with a high angle, leading to micro-cutting and plowing until the indentation and material
extrusion [43]. Larger particles may strike the surface with higher angles. As the fluid
density increases, the particles with a more significant drag number decelerate more at
the stagnation point and erode the surface less [39]. Secondly, the particle momentum
equilibrium number increases in dense solutions. Large particles have a greater tendency to
follow the streamlines reducing their impact angle [61]. Consequently, the maximum depth
deviates from the stagnation point, as depicted by the dashed lines in Figure 9b [16,39]. For
experiments with a jet angle of 45◦, cross-section profiles along the jet axis are provided
in Figure 9c, representing a V-shape profile deformed on the direction of jet exit. Both the
scar width and the maximum depth increased with the concentration. On the one hand,
the damage increase was consistent with the impact number enhancement. On the other
hand, particle interaction increased with the concentration, as already observed at 90◦. The
particle collisions in the flow exit of the crater led to additional damages, as observed with
the fluctuations on the profile between 0 mm to 6 mm in Figure 9c.

Figure 9a also suggests that the erosion-corrosion rate of SMB400 may reach a maxi-
mum at high particle concentration. To predict the maximum erosion-corrosion rate Wmax
(mg × cm−2 × h−1), experimental data were fitted with Equation (4). In this relation, the
concentration of the particles remained constant at each moment, and the erosion-corrosion
rate and the maximum erosion-corrosion rate were proportional to the particle concen-
tration of the particles that were able to interact with the substrate without beginning to
interact between themselves.

W = Wmax
Cpart

C1/2 + Cpart
(4)

where W is the erosion-corrosion (mg × cm−2 × h−1), Wmax is the maximum erosion rate,
Cpart is the particle concentration (g.L−1) and C1/2 is the particle concentration (g × L−1)
at Wmax/2.

The excellent agreement between the experimental and fitted data allows us to con-
sider Equation (4) to predict the erosion-corrosion rate as a function of the particle concentra-
tion in the solution. In Table 3, a maximum erosion-corrosion rate of about 12 mg.cm−2.h−1

is expected, whatever the jet angle. A similar quasi rate at high concentrations shows
that the jet angle is influential in dilute solution only. In Table 3, C1/2 is slightly lower for
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the jet angle of 45◦ than 90◦. Therefore, the maximum erosion rate should be reached for
lower concentrations with a jet angle of 45◦. Moreover, this calculation suggests that a
particle concentration above 192 g × L−1 (i.e., 2 × C1/2) may not significantly enhance the
erosion-corrosion rate. Note that any confirmation test was carried out because of high
solution density beyond 145 g × L−1.

Table 3. Result of curve fitting with Equation (4). Erosion-corrosion of SMB400 versus the particle
concentration. Particle size 181 µm, jet velocity 4.8 m/s.

Jet Angle
(◦)

Erosion
Corrosion Rate

Wmax
(mg × cm−2 × h−1)

C1/2
(g/L)

R (Coefficient
of Correlation)

90 10 ± 3 129 ± 20 0.96

45 3D profile 12 ± 2 95 ± 20 0.94

3.5. Erosion Corrosion Morphologies

Figure 6 reports the oxidation surface state of SMB400 in flow conditions without
particles. The addition of abradant in solution led to a surface cleaning as observed in
sandblasting processes. Oxide removal occurred in the crater and surrounding area. In
the absence of adherent oxide outside the crater, localized corrosion occurred because of
preferential dissolution of ferrite (Figure 10a). Inside the crater, particles mechanically
abraded the surface and annihilated local dissolution (Figure 10b). In the present erosion-
corrosion cell, the sample holder and the nozzle acted partially as barricades to the fluid
suction lines at the bottom of the cell, which caused secondary impacts on SM400B in the
crater’s surrounding area even if the fluid was pumped below the cell (also to prevent
the particle settling). Therefore, different flow velocities and particle sizes may change
the particle motions in the solution and erosion-corrosion rate outside the scar [15]. Note
that the description of this process falls under the scope of this work and requires further
investigations where the particle trajectories (angle, velocity, position) in the streamline
have to be known [40,62].

Figure 10. SEM images (a) outside the crater and (b) at the crater border. EC test (1.5 h) with a jet angle of 90◦, a particle
size of 181 µm, and a concentration of 10 g × L−1.

Erosion-corrosion degradation is a complex phenomenon depending on material
parameters (abradant size, distribution, velocity for a fixed substrate) and environmental
parameters such as the jet angle, the flow velocity, and the aggressiveness of the solution.
If Desale et al. [54] noticed that the erosion mechanism was similar, whatever the particle
size and concentration (considering dilute condition), Al-Bukhaiti et al. [43] pointed out
the role of the impact angle in the erosion mechanism low-density solution. For low
jet angles (~30◦), they considered surface fatigue and shallow plowing as predominant
degradation mechanisms. A normal impingement angle (90◦) concluded to an indentation
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mechanism accompanied by extruded lips removed by fatigue. At 45◦ (which coincides
with the maximum erosion in their case and in this work), erosion could be attributed to
micro-cutting, deep plowing, and surface fatigue. Usually, erosion and erosion-corrosion
tests are reported with a dilute concentration of abradant in solution. In this work, the
particle concentration was increased until the erosion-corrosion plateau was observed. 2D
cross-section profiles in Figure 9 confirm that the crater morphology depends on particle
concentration. As the particle number increases in solution, the number of direct collisions
and the erosion rate also increase. Surface observations were carried out after erosion
corrosion tests with 10 g × L−1 and 145 g × L−1 of 181 µm particles and for the both angles,
90◦ and 45◦.

Surface observations after the erosion-corrosion test with 10 g × L−1 of abradant are
presented in Figure 11. Images labeled A are for the tests with a jet angle of 90◦, and the
photos labeled B is for the tests with a jet angle of 45◦. In the stagnation region (images
A-1 and B-1), the scars do not present a particular directionality because of the complex
streamline’s distributions and particle behavior in this volume. The random collision with
chaotic motions of particles leads to a mix of indentation and plowing deformation of the
surface. Note that the effect of the flow direction (i.e., the streamline distribution at the
SM400B surface) may be significant for the largest particles, as suggested by Bard et al. [64],
explaining why the surfaces at 45◦ appear more damaged.

Figure 11. Optical and SEM observations of craters after erosion-corrosion test with 10 g × L−1 of particles with an
impingement angle of 90◦ (A-1 stagnation region, A-2 maximum of abrasion, A-3 exit region) and 45◦ (pictures B-1 direct
jet direction, B-2 half length of exit direction, B-3 exit region).

Outside the stagnation region and still inside the crater, the surface morphologies
differ with the jet angle. For experiments at 90◦, the directionality of the flow is not very
noticeable, while it is well observed for the angle of 45◦. The observation can be understood
in terms of flow field development at the material surface, as reported by Chen et al. [22].
With a jet angle of 45◦, the particles strike the surface and quickly move away from the
collision point [19]. They remain under the influence of at the exit stream flow parallel
to the jet direction. Therefore, collisions are still aligned with the stream flow favoring a
degradation by micro-cutting and deep plowing. At 90◦, the formation of double U-shape
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craters under the influence of the stagnation point changes the stream flow direction.
Particles could be longer stacked, suffering from turbulent flow, leading to a secondary
collision in the crater [19]. Therefore, they deflect the previous particles to their expected
trajectories. In these conditions, collisions randomly occur, and no preferential deformation
direction can be observed.

The augmentation of the particle’s concentration favors the EC rate because of the
higher number of impacts with the substrate. However, a threshold concentration was
determined at about 100 g × L−1 for the particles of 181 µm. Below this value, an expected
linear increase of the mass loss was measured, while a slowdown of EC was recorded
above it. The EC reduction is related to the liquid density and viscosity heightening due to
expanding the number of particles. The collision efficiency decreases, as should the kinetic
energy of particles because of the reduction of free rotation volume of particles and the
higher inter particles collision probability [39,61]. Consequently, the crater surfaces are less
deformed at the microscopic scale with smaller ridges than lower particle concentrations
(SEM images, Figure 12). Besides, a layer of abradant could remain on the SM400B surface
at high particle concentrations, preventing the impact but causing abrasion because of this
layer shearing [65,66]. One can also notice microscopic dimples associated with voids on
optical images in Figure 12. Such defects appear gradually with the particle’s concentration.
Their first evidence was detected from 100 g × L−1 and 50 g × L−1 for the jet angles
of 90◦ and 45◦. It is believed that these macroscopic surface deformations result from a
modification of the local particle distribution and the average particle velocity due to the
surface geometry modification and local fluid recirculation region on SM400B [10,67,68].

Figure 12. Optical and SEM observations of craters after erosion-corrosion test with 145 g/L of particles with an impingement
angle of 90◦ (A-1 stagnation region, A-2 maximum of abrasion, A-3 exit region) and 45◦ (pictures B-1 direct jet direction,
B-2 half length of exit direction, B-3 exit region).

Cross-section observations were performed in the jet flow direction (45◦) for samples
eroded with 10 g × L−1 and 145 g × L−1 of particles. Investigations performed in the stag-
nation zone and the exit zone of the jet showed initial grain morphologies without evidence
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of a strain hardening layer (Figure 13). According to Krella et al. [69], strain hardening may
occur for higher jet velocities than those explored in this work. Additionally, microhard-
ness measurements were performed on the cross-sections. The validity of each hardness
measurement was confirmed with a location of indentation and a force-displacement curve.
The size of the indentations was approximately 1 micron and the distance between the
indentations was about 30 microns (Figure 13c). In sum, 12 measurements were selected,
and then the average value of 10 measurements (excluding the maximum and minimum
values) was adopted to the hardness. The converted Vickers hardness obtained was 240 Hv,
which is considered to be higher than that obtained in the general Vickers hardness test
because the indentation load was very small. The absence of microstructural modifications
and hardness gradients could arise from:

(i) limited energy transfer between particles and substrate. Indeed, the presence of a
refined grain layer is usually reported for erosion tests carried out for higher particle
velocities [70–72];

(ii) the cleaning process before the weighing (including but not limited to oxide removal);
(iii) the analysis scale used in this work.

Figure 13. Example of SEM cross images of a crater generated with a jet angle of 90◦ and a particle concentration of
100 g/L. (a) image recorded in the A-3 region, Figure 12 and (b) image caption at higher magnification. (c) Microhardness
measurement under the crater area.

Therefore, further experiments should investigate the metallurgical state underneath
the jet crater with limited surface treatment after erosion-corrosion tests and observations
at higher magnifications from FIB cross-section preparation.

4. Conclusions

Based on the above investigations regarding the erosion-corrosion (EC) behavior of
SM400B carbon steel, the following conclusions can be drawn:
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- The electrochemical reactivity of carbon steel only depends on the solution flow. In
aerated solution, experiments operated under jet conditions presented more anodic
behavior and higher cathodic currents due to the higher contribution of the dissolved
oxygen reduction. When particles were added to the jet flow, no significant modi-
fications of the electrochemical behavior of SM400B were recorded, while Tafel fits
analysis reported different flow corrosion rates.

- Maximum erosion-corrosion rate was found for a jet angle at 45◦, whereas a minimum
of EC was recorded with a jet angle of 90◦ (angle range between 30◦ and 90◦). An
increase in particle percentage in solution led to a straight raise in the mass loss. A
slowdown of EC was recorded because of the high solution density that impeded the
particle’s impingement and modified the flow dynamic at the sample surface. The
concentration threshold value (about 100 g/L for the particle size of 181 µm) was
determined using Equation (4).

- An increase in the particle size promoted the EC rate. A linear trend was detected
with fixed particle mass, while an exponential growth was found for a set number of
particles in the solution.

Results also showed the generation of dimples for concentrations higher than 100 g × L−1

(jet angle 90◦) and 50 g × L−1 (jet angle 45◦). In contrast, the crater surfaces appeared less
damaged at higher particle concentrations. Further investigations are needed to under-
stand the generation of these dimples, combining the jet angle and particle concentration.
Additionally, more precise analysis is required to confirm the absence of a grain-refined
layer generated under the particles using EBSD analysis.
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