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Abstract: In this research work, the influence of the electrolyte hydrodynamic conditions 
on the corrosion mechanism of the high-strength low-alloy (HSLA) X100 steel used in the 
petroleum transportation pipelines was analyzed. A Rotary Cylinder Electrode (RCE) was 
used to simulate the hydrodynamic conditions (1000 and 5000 rpm). Mechanical, micro-
structural and elemental characterization tests were performed on X100 steel, and the elec-
trochemical impedance spectroscopy (EIS) technique was used to analyze the corrosion 
mechanism, while the morphology of the corrosion process on the corroded surfaces was 
obtained by scanning electronic microscopy (SEM). It was found that the increasing rota-
tion rate (υ rot) generates a fully developed flow regime where the system was dominated 
by a mass transfer process and increases the kinetics of chemical and electrochemical re-
actions so there is an increase in the corrosion rate (CR). On the other hand, the adsorption 
of corrosion product films that limits the charge transfer process depended on the magni-
tude of the shear stress that can generate wear and roughness, as well as a greater number 
of anodic sites, leaving the metal exposure to the corrosive medium. 
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1. Introduction 
The pipelines are the most feasible and economical way to transport large volumes 

of crude oil, natural gas and petroleum products over long distances in the oil and gas 
industry [1,2]. Depending on the corrosivity of transported fluid and external environ-
mental conditions, the extensive stretches of gas and oil transmission pipelines currently 
in operation are prone to failure by corrosion, among other factors [3]. The pipelines are 
fabricated from high-strength low-alloy (HSLA) steels, which are characterized by having 
in their chemical composition a very low carbon percentage. It is important to point out 
that these steels have small amounts of alloying elements, and these types of steel are 
classified by the American Petroleum Institute (API) in order of their strength (X-42, X-46, 
X-52, X-56, X-60, X-65, X-70, X- 80, X-100 y X-120) [4]. HSLA steels were introduced in the 
early 20th century using microalloying elements such as Nb, V and Ti with a percentage 
of 0.10 to 0.15 wt.%, which influence grain refinement due to the precipitation of carbides, 
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nitrides and carbonitrides that prevent the movement of the austenitic grain boundary 
[5,6]. 

Increasing global demand for energetic resources accelerates the research and devel-
opment of HSLA pipeline steels that provide better mechanical properties and corrosion 
resistance [7]. An example of this is the development of API X100, which has provided 
significant cost savings by reducing pipe wall thickness and increasing the operating pres-
sure [8]. If a comparison is made between replacing grade X70 with grade X80, it can re-
duce costs by 7%, while grade X100 pipe can reduce by up to 30% [9]. API X100 exhibits 
excellent properties combining strength, toughness and weldability resulting from appro-
priate alloying element selection and controlled thermomechanical processing [10–12]. 
The results of such metallurgical and manufacturing processes have enabled the oil and 
gas industry to explore in extreme such as offshore conditions because they support high 
operating pressures. However, the increased strength greatly reduces pipeline weight and 
wall thickness. It is important to consider that, in addition to the mechanical stresses to 
which the pipeline will be subjected, internal hydro-mechanical and corrosion phenom-
ena will contribute to the reduction in its service life, since the internal corrosion rates of 
a pipeline can be high enough to consume a thickness margin of 3 to 6 mm per year. It is 
worth noting that localized attacks start when protective films are removed, generating 
serious failures [13–15]. The main localized corrosion type that occurs under turbulent 
flow conditions is the flow-accelerated corrosion (FAC), which is caused by the fluid flow 
damaging or thinning the pipe wall [16]. Unlike the erosion process, FAC is primarily an 
electrochemical corrosion process assisted by chemical dissolution and mass transfer 
[17,18]. Due to all these factors, the integrity of the steel pipelines can be compromised. It 
is important to establish the degradation mechanisms from an electrochemical point of 
view in regard to high-strength and low-alloy steels such as the API X100 steel used in 
offshore exploration in the oil sector [19,20]. Some studies have investigated the influence 
of hydrodynamic conditions on the corrosion behavior of API X100 steel. For example, 
Zhao et al. [9] carried out electrochemical measurements on both the static and dynamic 
conditions (a flow rate of 0.4 m/s) of the X100 steel in a simulated oilfield brine at different 
temperatures. Their main finding was that the corrosion rate was strongly dependent on 
the characteristics of the corrosion products formed. Wang et al. [21] studied the influence 
of flow rate (0.2, 0.4 and 0.6 m/s) on the corrosion behavior of X100 steel in CO2-saturated 
produced water. The results of the EIS and polarization curves showed that the corrosion 
rate increased due to the flow rate being higher. Finally, Zhang et al. [22] used a wire beam 
electrode (WBE) to study the localized corrosion of X100 steel, varying the concentration 
of bicarbonate ion in a simulated formation water solution in static and hydrodynamic 
conditions (2 m/s). They concluded that WBEs can work for online corrosion monitoring. 
It should be pointed out that, in the aforementioned studies, pipe circulation systems were 
implemented in the experimental setup, whereas the present research is based on the sim-
ulation of FAC through a Rotary Cylinder Electrode (RCE), which has known hydrody-
namic conditions and its mathematics is solidly established [23–25] in conjunction with 
the electrochemical techniques such as EIS and EN that provide kinetic parameters that 
help the study and understanding of mass transport and corrosion mechanisms. 

2. Materials and Methods 
2.1. Mechanical Characterization of X100 Steel 

X100 steel plates with dimensions of 10 × 10 × 50 mm were fabricated by thermal-
mechanical controlled processing (TMCP) in a vacuum induction furnace under operating 
conditions of a vacuum of 0.06 Torr and a working energy of 10 to 20 kW. The chemical 
composition of the X100 steel reported in the literature [26] is shown in Table 1. X100 rec-
tangular steel specimens were cut for conducting the following mechanical tests: Impact 
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resistance was tested using a Charpy impact machine on notched rectangular specimens 
machined according to ASTM E23-18 [27]. A tensile strength test was performed in a 
stress–strain machine using rectangular specimens based on ASTM E8/E8M-13 [28]. Ad-
ditionally, a Vickers hardness test was carried out using a load of 10 kg with a dwell time 
of 15 s. 

Table 1. Chemical composition of X100 steel. 

Element Fe C Mn Si Cu Ni Cr Mo Nb  V Ti 
wt.% 96.39 0.05 1.75 0.36 0.51 0.29 0.36 0.19 0.03 0.03 0.04 

2.2. Microstructural Characterization of X100 Steel 

For the microstructural analysis, the specimens were sectioned to obtain an area of 1 
cm2. They were ground with different SiC emery papers up to 1200 grit, polished with 
diamond paste of 6 and 1 µm, rinsed with deionized water and dried with hot air. To 
reveal the microstructure, a initial etching solution was prepared according to ASTM E407 
[29]. 

2.3. Surface and Elemental Characterization of X100 Steel 

A scanning electron microscope equipped with a cold cathode emission electron 
beam was employed to examine the microstructure as well as the morphology of the cor-
rosion attack. In addition, elemental mapping was performed by Energy Dispersive X-ray 
Spectrometry (EDS) using an EDS detector coupled to the SEM. Moreover, a non-destruc-
tive X-Ray Fluorescence (XRF) with an Mb X-ray anode and XRF detector was used to 
verify the chemical composition of API X100 steel. After the electrochemical test, the cy-
lindrical specimens were prepared according to an ASTM G1 [30] procedure to examine 
the corrosion morphology through SEM. 

2.4. Electrochemical Measurements 

Electrochemical tests were carried out using a potentiostat/galvanostat in a conven-
tional three-electrode cell arrangement: the X100 cylindrical specimens were used work-
ing electrodes (WEs), saturated Calomel was utilized for reference electrodes (REs), while 
a platinum bar was used for the auxiliary electrodes (AEs). Hydrodynamic conditions 
were simulated using a rotating cylinder electrode (RCE) at a rotation rate of 1000 and 
5000 rpm. The specimens used as WEs to perform the electrochemical techniques were cut 
in a cylindrical shape with a total exposure area of 4.136 cm2. In cases using the electro-
chemical noise (EN) technique, two RCEs were used, and the AE was replaced by the 
second RCE with a nominally identical working electrode (WE2). The electrochemical 
analysis was performed with EIS applying a perturbation signal of 0.010 V vs. corrosion 
potential (Ecorr) in a frequency range from 10 kHz to 10 mHz. The solution test was the 
NACE 1D 182 [31] brine solution. EIS measurements were carried out as a function of time 
during 24 h of exposure. EN measurements were registered at a sampling frequency of 
one Hz. EN records were divided into blocks of 1024 readings. 

3. Results and Discussion 
3.1. Mechanical Characterization 

The mechanical properties that arise from mechanical characterization are summarized 
in Table 2. From tensile test, the yield strength (YS) and Ultimate Tensile Strength (UTS) value 
were 641 and 891.5 MPa. These results are in accordance with those reported by other authors 
[32–35]. Likewise, the hardness values were similar to those reported coincide with those re-
ported by Mannucci et al. [34]. They found values between 171 and 261 HV, depending on the 
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design parameters of the controlled thermomechanical treatment, as well as the cooling pro-
cess, which also affects the values of absorbed energy. In this research, values of 120 J were 
obtained for impact resistance, which was slightly lower than those reported at temperatures 
above 20 °C, with a range between 150 and 200 J [36,37]. 

Table 2. Mechanical properties of X100 steel. 

Stress-Strength Charpy Impact Vickers Hardness 
YS-0.02 % UTS Impact energy HV 

(MPa) (MPa) (J) (kgf·mm2) 
641 891.5 120 220 

3.2. Elemental and Microstructural Analysis 

Figure 1 shows the SEM images of the microstructure for the X100 steel. From Figure 1, 
a uniform distribution of the grains corresponding to bainitic ferrite (αB) and the presence of 
some quasipolygonal (αq) and deformed ferrites, which are originated in the rolling process, 
can be observed. Furthermore, bainite plates (Bp) were also identified in the microstructure. 
Nafisi et al. [37] also reported a predominant morphology of bainite and bainite plate forming 
in groups. In addition, Carretero et al. [32] observed polygonal and quasipolygonal ferrite and 
small fractions of bainitic ferrite in X100 steel. As shown in Figure 2, the EDS mapping of the 
microstructure showed that the majority of elements, such as Fe, Mn, Ni, Cu, Cr and Si, are 
uniformly distributed without agglomerations in preferential sites. This fact is beneficial for 
obtaining optimal results in their mechanical properties [5]. Likewise, the presence of the 
chemical elements that constitute the X100 steel was confirmed by XRF, as shown in Figure 3, 
where it was possible to identify low-intensity signals corresponding to microalloying ele-
ments such as Si, Ni, Cr, Mn and Cu in the range of 4 to 9 keV, which coincides with the chem-
ical composition of Table 1. 

 

Figure 1. Microstructure of X100 steel (αq; quasipolygonal ferrite, αB: bainitic ferrite, BP: bainite 
plate). White arrows indicate grain size. 
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Figure 2. Elemental mapping of constituents in X100 steel. 

 

Figure 3. Elemental chemical identification in X100 steel; spectra obtained by XRF. 

3.3. Electrochemical Evaluation of X100 Steel: Hydrodynamics Parameters and Ecorr 

The flow rate of the system has an influence on the electrochemical reactions, and the 
main parameters in a hydrodynamic system are the Reynolds number (ReRCE) and the 
shear stress (τRCE). Both parameters help in the functioning of the electrode geometry and 
physicochemical properties of fluid, as shown in Equations (1) and (2), respectively 
[23,24,38,39]. ReRCE = URCEdRCEρμ  (1)

τRCE = 0.079ReRCE−0.3ρμRCE2  (2)

The turbulent boundary layer thickness (δBL) was calculated from the value of ReRCE 
as follows: [21]. δ = 25 ∙ Reି଼ ∙ Dୖେ (3)
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Equation (4) is used for systems simulating flow conditions, such as rotating cylin-
drical electrodes (RCEs), using the first Fick’s Law and the Eisenberg Equation [40]: δ = 12.64 ቆdୖେ.ଷD.ଷହν.ଷସସU. ቇ (4)

Table 3 shows the hydrodynamic parameters and Ecorr values at several rotation rates. 
It is observed that, based on Re values, it can be assumed that, in both rotation rates, the 
fluid presents fully developed turbulence [38,41]. Furthermore, large values of τ also were 
obtained, which allows for correlating the mechanical force originated by the hydrody-
namic conditions and its action on the film of corrosion products generated on the metal 
surface, being 2.18 and 33.72 N/m2 at 1000 and 5000 rpm, respectively. 

Table 3. Hydrodynamic parameters and Ecorr value of X100 steel under turbulent flow conditions 
immersed in NACE brine solution. 

Rotation Ve-
locity (rpm) 

Reynolds 
Number 

ReRCE 

Shear Stress 
τRCE (N/m2) 

Thickness Boundary 
Layer δBL (m) 

Corrosion Potential 
Ecorr (V vs. SCE) 

0 - - - −0.680 
1000 8157.8 2.18 2.18 × 10−10 −0.600 
5000 40,789.1 33.72 7.074 × 10−11 −0.550 

On the other hand, a decrease in the δBL is observed as the rotation rate increases. This 
process facilitates the transport of corrosive species from the bulk solution to the metal 
surface. Yabuki and Murakami [42] mentioned that the mass transfer coefficient is in-
versely proportional to the δBL as well as to the thickness of the corrosion products film. 
From Table 3, it can be noted that Ecorr shifted toward positive values as the rotation rate 
increased, which can be attributed to the decrease in the Nernst boundary layer as the 
rotation rate increased [8]. 

3.4. EIS Analysis 

In order to investigate the effect of a turbulent flow on the electrochemical reactions 
that take place at the metal–solution interface, EIS measurements were conducted during 
24 h of immersion time. Figure 4 shows the Nyquist plots for X100 steel immersed in the 
brine solution at 1000 rpm and 5000 rpm. For both rotation rates (Figure 4a,b), the Nyquist 
curves presented a well-defined capacitive semicircle characteristic of reaction under a 
charge transfer control at all exposure times. Moreover, these curves exhibited an induc-
tive loop at low frequencies that was attributed to the adsorption phenomena of interme-
diate species from anodic and cathodic reactions [43]. At 5000 rpm (Figure 4b), a further 
increase in the flow rate caused a decrease in the Nyquist semicircles, indicative of an 
increase in the corrosion rate. The hydrodynamic conditions have two effects: modifica-
tion of the turbulent boundary layer structure, which suggests the elimination of viscous 
forces in the internal region, resulting in the decrease in the boundary layer thickness (Ta-
ble 3) and the elimination or partial removal of the protective film [44–46]. When the thick-
ness of the boundary layer decreases, the transport of electroactive species from the bulk 
solution to the metal surface through convection and diffusion is enhanced, and thus the 
charge transfer decreases. Therefore, the high turbulence and the τ avoid the formation of 
homogeneous films and cause the active dissolution of the metal [47–49]. 
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Figure 4. Nyquist plots of X100 steel immersed in NACE brine solution at different rotational veloc-
ities. (a) 1000 rpm and (b) 5000 rpm. 

Bode plots of the impedance modulus (|Z|) and angle phase (θ) at different rotation 
rates are shown in Figure 5. For both flow rates (Figure 5a,b), the |Z| value increased with 
respect to the exposure time. In Bode plots of θ, two time constants were identified at 0, 6 
and 12 h of exposure time at 1000 rpm (Figure 5a). It is important to point out that the time 
constant in the frequency range of high and intermediate frequencies (1000–10 Hz) can be 
associated with the presence of a film of corrosion products, whereas the time constant in 
the range of low frequencies (1–0.1 Hz) was attributed to the charger transfer process. For 
5000 rpm (Figure 5b), the Bode plot exhibited the two overlapping time constants. It 
should be pointed out that the θ value shifted toward lower frequencies in the range of 
10,000–1 Hz for both the rotation rates, which can be related to the values obtained in the 
real impedance (ZR) as well as to the charge transfer-dominated processes [50,51]. 

  

Figure 5. Bode plots of X100 steel immersed in NACE brine solution at different rotational velocities. 
(a) 1000 rpm and (b) 5000 rpm. 

Based on the qualitative analysis of the EIS spectra for steel subjected to different 
turbulent flow conditions, a schematic representation of the corrosion mechanism was 
proposed in Figure 6 along with an equivalent electrical circuit (EEC) model for fitting EIS 
data and describing the metal–solution interface. The reactions that take place at the in-
terface are the anodic dissolution of Fe and the cathodic reaction of dissolved O2, as shown 
in Equations (5) and (6), respectively.      Fe → Feଶା + 2eି  (5)

Oଶ + 2HଶO + 4eି → 4OHି (6)

Feଶା + 2OHି → FeሺOHሻଶ (7)

Feଶା + 2HଶO ↔ FeOHୟୢୱ + Hା + eି (8)
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After the Fe2+ cations and the cathodic reaction products are released, Fe oxyhydrox-
ides can be generated to form a film, or they can solvate and remain adsorbed on the metal 
surface (Equations (7) and (8)). However, turbulent flow conditions cause several effects, 
such as chaotic changes in the flow geometry and a considerable increase in the τ, which 
lead to the rupture of the film of corrosion products. In this context, it is important to point 
out that, at a high flow rate (5000 rpm), the recovery of the film of the corrosion products 
will be slower once it is removed [38]. According to Nesic et al. [46], if the shear stress 
exerted on the metal surface has a magnitude greater than the adhesion strength of the 
corrosion product film, it will cause the removal of the surface films, leading to an accel-
eration of corrosion kinetics. 

 

Figure 6. Physical representation of the corrosion mechanism of X100 steel under turbulent flow 
conditions and the EEC proposed for the fitting of the EIS spectra. 

The EEC is composed of a resistor representing the solution resistance (Rs), followed 
by the a constant phase element CPE indicated as (Qfilm) and a resistor (Rfilm), with both 
elements being attributed to the presence of a corrosion product film, a resistor associated 
to the charge transfer resistance. (Rct), a constant phase element (CPE) represented as Qdl 
that describes the behavior of a non-ideal electrochemical double layer, the parameter n 
is related to surface properties such roughness, metal dissolution, as well as films on the 
surface [43,52]. Finally, an inductive element (L) and its resistance (RL) were included in 
the EEC, which are characteristic of the adsorption phenomenon observed at low frequen-
cies. Several studies have implemented the same EEC model proposed in this research 
[47,53–55]. 

Table 4 shows the parameters obtained from the fitting with the EEC. In both rotation 
rates, an increment in Rs is observed from 5 up to 30 Ω cm2 as a function of the exposure 
time. This increment can be attributed to the saturation of the electrolyte by the presence 
of oxyhydroxides that form the film of corrosion products, which are eliminated from the 
surface through the shear stress and incorporated into the solution, therefore decreasing 
the conductivity and increasing the resistance. In the case of 1000 rpm, both Rfilm and Rct 
values increased with respect to the exposure time. Meanwhile, when increasing the rota-
tion rate at 5000 rpm, the Rct values were significantly lower than at 1000 rpm. However, 
the Rfilm exhibited higher values than those obtained at 1000 rpm at exposure times of T0 
and T6. This behavior was related to the high mass transfer induced by the hydrodynamic 
conditions, which enhanced the generation of Fe2+ so that reactions 7 and 8 take place and 
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a film of corrosion products is formed. However, according to the nature of the electrolyte, 
the films generated are not protective or homogeneous, and, combined with the turbulent 
flow conditions, they are removed and their precipitation is slow; this is observed in the 
values obtained at longer exposure periods of T12 and T24, with a decrease to 28 and 30 
Ω·cm2, respectively [20]. 

Table 4. Electrochemical parameters for X100 steel in NACE brine solution obtained from EEC fit-
ting. 

Rotation 
Velocity  

Exposure 
Time  χ2 Rs Qfilm Rfilm Qdl Rct L RL 

(rpm) (h)  (Ω·cm2) Yo n (Ω·cm2) Yo n (Ω·cm2) (H) (Ω·cm2) 

1000 

0 2.11 × 10−3 9.20 8.32 × 10−4 0.73 28.10 3.35 × 10−4 0.94 235 1174 91.70 
6 4.15 × 10−3 9.70 7.83 × 10−4 0.71 30.50 3.57 × 10−4 0.80 309 1527 309.00 
12 2.89 × 10−3 23.10 7.42 × 10−4 0.72 35.00 2.33 × 10−4 0.84 335 1889 314.10 
24 6.25 × 10−3 29.70 6.88 × 10−4 0.701 52.00 1.34 × 10−4 0.89 392 1941 340.0 

5000 

0 1.85 × 10−3 5.10 2.24 × 10−3 0.80 49.56 5.28 × 10−3 0.85 97 880 96.00 
6 2.50 × 10−3 10.37 1.84 × 10−3 0.71 49.36 4.55 × 10−3 0.75 153 954 76.00 
12 2.52 × 10−3 20.11 1.39 × 10−3 0.80 28.00 3.76 × 10−3 0.80 192 786 132.20 
24 2.46 × 10−4 23.84 1.24 × 10−3 0.80 30.00 3.54 × 10−3 0.80 225 765 178.90 

Based on the CPE parameters (Y0 and n) obtained from the fitting of EIS data, the real 
capacitance of a double layer (Cdl) was calculated using the Brug equation (Equation (9)) [56]. 

Cdl = Y01n  1Rs + 1Rct൨n−1n   (9)

In addition, the Rct value was used to calculate the corrosion rate (CR) according to 
the procedure described in ASTM G102 [57]. The CR and Cdl values for X100 steel under 
turbulent flow conditions are shown in Figure 7. At 1000 rpm, CR values of less than 1.5 
mm/year are observed, and these values decreased with respect to the exposure time. It is 
important to point out that directly proportional behavior in the Cdl values is observed, 
and this is related to the nature of the films formed as well as to the hydrodynamic condi-
tions, resulting more protective at 1000 rpm as compared to 5000 rpm, where the CR in-
creases at 3 mm/year approximately. 

 

Figure 7. CR and Cdl values of X100 steel immersed in NACE brine solution under turbulent flow 
conditions. 

According to Schmitt and Bakalli [58], during conditions of maximum turbulence, an 
abrupt increase in the CR is experienced since the system is under the domain of mass 
transfer. Moreover, the intensity of the local flow prevents the formation of a new film 
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due to the shear stress intensity. In accordance with this fact, both CR and Cdl were higher 
at 5000 rpm than at 1000 rpm; however, both rotation rates show a tendency to decrease 
with respect to the exposure time. Wang et al. [21] reported a similar tendency in the Cdl 
values in a sample of X100 steel in sweet brine solution at 1000 rpm where the decrement 
of the Cdl values were attributed to the FeCO3 absorption. 

3.5. Electrochemical Noise (EN) 

Figure 8 shows the row potential and current time series at different hydrodynamic 
conditions. At 1000 rpm (Figure 8a,b), both the potential and current signal showed fluc-
tuations of low amplitude (40 µV and 0.2 µA, respectively). The current signal showed 
overlapped transients at the beginning of the exposure time, and they turned into typical 
transients (a sharp decrease followed by a slow recovery of the current value) associated 
with the localized corrosion events at 24 h of exposure [59]. For 5000 rpm (Figure 8c,d), 
the amplitude of fluctuations was higher than those obtained in 1000 rpm, which reveals 
the increment of anodic activity as the rotation rate increased. Furthermore, several tran-
sients of high amplitude (~30 µA) and short lifetime were identified in the current signal, 
increasing the number of transients as the exposure time increased. These transients can 
be associated with the rupture of the corrosion product film caused by the shear stress 
induced by the rotation rate, which increased the frequency of the localized corrosion at-
tack as time elapsed. 

 

 

Figure 8. The potential and current time series for X100 steel immersed in NACE brine 
solution under turbulent flow conditions at: (a) 1000 rpm at 0 h, (b) 1000 rpm at 24 h, (c) 
5000 rpm at 0h, (d) 5000 rpm at 24h  

A statistical analysis derived from EN measurements was carried out to calculate the 
statistical parameters of noise resistance (Rn) and the localization index (LI). Rn is a pa-
rameter related to corrosion resistance that is defined as the ratio of the standard devia-
tions of the potential (σE) and current (σI). On the other hand, LI can provide information 
about the corrosion type. This parameter is the standard deviation of the current noise 
divided by the root mean square current [60]. Figure 9 shows the behavior of CR and LI 
values as a function of time at different turbulent flow conditions. The CR values obtained 
from Rn were gathered using the same procedure described for EIS (Rct) measurements 
[55]. As shown in Figure 9a, the higher CR values were presented at 5000 rpm with the 
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increasing trend in the CR during the exposure time. Although the flow rate can produce 
a competition process between the enhancement of the supply of the oxidizing species to 
the interface and the limitation of these species due to mass transfer processes, the rotation 
rate contributed largely to accelerating the corrosion process. Furthermore, most of the LI 
(Figure 9b) values were in the range of 0.1–1, indicating that localized corrosion was the 
predominant corrosion-type under hydrodynamic conditions [61]. 

  

Figure 9. (a) The CR and (b) IL values of X100 steel immersed in NACE brine solution under turbu-
lent flow conditions. 

3.6. SEM Analysis of Corrosion Morphology 

According to the analysis of the electrochemical measurements, the X100 steel at 5000 
rpm experienced the highest CR. This is due to the fully developed flow, which enhances 
mass transport. The SEM examination of the corroded samples confirmed this fact. In Fig-
ure 10, it is possible to observe that, in both dynamic conditions, the corrosive attack was 
localized; at 1000 rpm, the morphology is characterized by dispersed cavities in specific 
areas, while, at 5000 rpm, a greater nucleation of holes is observed, as well as greater 
depths, generating a worn and rough surface. 

 

Figure 10. SEM images of the corroded samples of X100 steel after 24 h immersion in NACE brine 
solution at different rotation rates: (a,b) 1000 rpm and (c,d) 5000 rpm. 



Surfaces 2025, 8, 10 12 of 15 
 

On the other hand, it can be seen the flow pattern randomly distributed on the metal 
wall originated by the τ. Li et al. [37] claimed that the shear stress is a determining factor 
as its impact on the metal surface is not uniform and causes an asymmetric distribution of 
the holes. Due to this fact, it is observed in Figure 10c,d that the corrosion product layers 
were removed, and both the surface area of the anodic sites were increased as well as the 
amount of freshly exposed area, confirming the increment of the CR at 5000 rpm. 

4. Conclusions 
According to the electrochemical analysis of X100 steel in NACE brine solution under 

different turbulent flow conditions, the followings conclusions were obtained: 

• The hydrodynamic parameters of the medium had a significant influence on the elec-
trochemical behavior of the steel. The shear stress increased with increasing rotation 
rate and the thickness of the boundary layer decreased allowing mass transfer from 
bulk solution to the metal surface through diffusion and convection phenomena. 

• The analysis of EIS revealed that there was an increase in CR of almost double at 5000 
rpm with respect to the 1000 rpm system, Cdl showed a behavior directly proportional 
to CR. 

• Statistical analysis of EN indicated that localized attack was more severe as rotation 
rate increased from 1000 to 5000 rpm. SEM micrograph confirmed this fact, the at-
tacked metal surface showed a localized corrosion process, with deep pits nucleating, 
and greater wear was observed at 5000 rpm due to turbulent flow and shear stress. 
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