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Abstract: Two inorganic coatings, namely 88%WC-12%Co (PSC1) and 86%WC-10%Co-4%Cr (PSC2),
were deposited on the surface of an API-2H pipeline steel using high velocity oxy-fuel deposition.
The corrosion of the uncoated and coated API-2H steel after their immersion in a solution of 4.0%
NaCl for 1 h, 24 h, and 48 h has been studied. Various electrochemical measurements such cyclic
potentiodynamic polarization, electrochemical impedance spectroscopy, and potentiostatic current
versus time were employed. The surface morphology and analysis were carried out via the use
of scanning electron microscopy and energy dispersive X-ray examinations. All experiments have
revealed that the deposited coatings decreased the cathodic current, anodic current, corrosion current
density (jCorr), absolute current versus time, and the corrosion rate (RCorr) compared to the uncoated
API-2H steel. The value of jCorr decreased from 47 µA/cm2 for uncoated steel to 38 µA/cm2 for
the PSC1-coated steel and 29 µA/cm2 for the PSC2-coated steel. Moreover, prolonging the time of
exposure decreases the jCorr and RCorr values. The jCorr values obtained after 48 h recorded 32, 26,
and 20 µA/cm2 for the uncoated, PSC1, and PSC2 samples, respectively. Moreover, applying these
coatings also led to increasing the corrosion resistance (RP) after all the exposure periods of time. In
addition, the PSC2 coating was found to be more protective against corrosion for the surface of the
steel than the PSC1 coating.

Keywords: API steel; inorganic coatings; corrosion protection; electrochemical tests; surface analysis

1. Introduction

API pipeline steels are known to be used in numerous applications such as in transportation
pipelines, construction and metal processing equipment, off-shore rigs, agitators, pumps, chemical
processing equipment, etc. [1–4]. This is because API steels are characterized by excellent toughness,
high strength, good weldability, etc. [5–7]. Some of the API steels experience corrosion upon exposure
to corrosive environments. Controlling the corrosion control of various grades of API steels in different
media were reported in several studies [6–10]. In addition, the influence of the microstructure of
API steel on the protective layer generated on its surface after the corrosion in chloride solution was
investigated [9]. The effect of changing the microstructure on the behavior of corrosion for the welded
joint in the pipeline steel was also reported [11,12], where the corrosion was found to increase.
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The failure of steel pipelines mostly takes place as a result of a combination of the uniform
corrosion and localized attack [13–16]. This is because the presence of welds within the steel pipelines
helps in the occurrence of localized corrosion, which occurs at the area of welds [15,16]. The corrosion
behavior of API-2H in sodium chloride solutions using various electrochemical measurements and
spectroscopic investigations was reported [17]. The corrosion behavior of the API-2H steel was
compared to that of API-4F steel, and it was found that these API steels suffer both uniform and
localized corrosion. The severity of the pitting attack was found to decrease with prolonging the
immersion time of the steels in the test solution. The study [17] also confirmed that the resistance of
API-2H to corrosion was higher than that recorded for API-4F steel.

Herein, two inorganic coatings, namely 86%WC-10%Co-4%Cr and 88%WC-12%Co, were applied
on the surface of API-2H pipeline steel. The influence of these coatings on the protection from corrosion
of the API-2H steel after exposure to 4.0% NaCl solution for 1.0 h, 24 h, and 48 h was examined.
The work herein was carried out using cyclic potentiodynamic polarization (CPP), electrochemical
impedance spectroscopy (EIS), and the change of current with time at constant potential (−700 mV
(Ag/AgCl)) measurements. The scanning electron (SEM) microscopy and energy-dispersive X-ray
(EDX) analyses were used to investigate the surface morphology and elemental analysis, respectively.

2. Experimental Procedures

2.1. Materials and Chemicals

A grade 50 API-2H pipeline steel used herein was purchased from Sunny Steel (Siping Road,
Shanghai, China). The chemical composition of the API steel in weight % (wt %) is listed in Table 1.
The high velocity oxy-fuel deposition process was employed to apply the 88%WC-12%Co and
86%WC-10%Co-4%Cr coatings onto the surface of the tested steel pipeline. The thicknesses of the
88%WC-12%Co and 86%WC-10%Co-4%Cr applied surface layers were 223 ± 3 and 183 ± 6 µm,
respectively. The investigated samples herein are designated as PS, PSC1, and PSC2 for the uncoated
API-2H pipeline steel, coated steel with 88%WC-12%Co, and coated steel with 86%WC-10%Co-4%Cr,
respectively. The exact chemical composition of the coating layers is recorded in Table 2.

Table 1. Elemental composition for the API-2 H grade 50 steel.

Element C Mn P S Si Cb Ti Fe

Wt % 0.14 1.5 0.03 0.015 0.2 0.04 0.02 Balance

Table 2. Main components for the coatings deposited on the surface of the API steel. PSC1: coated
steel with 88%WC-12%Co; PSC2: coated steel with 86%WC-10%Co-4%Cr.

Powder Types WC (wt %) Co (wt %) Cr (wt %)

PSC1 coating 88 12 0.0

PSC2 coating 86 10 4.0

2.2. Electrochemical Cell

A three-electrode configuration cell with a capacity of 250 cm3 was utilized for the electrochemical
tests. The uncoated and coated API-2H steels were the working electrodes, while the reference and
the counter ones were an Ag/AgCl and a Pt sheet, respectively. Both coated and uncoated steels were
prepared as working electrodes by welding a wire of copper to the surface of each electrode. Then,
the electrodes were mounted using an epoxy resin that was dried spontaneously until being hardened.
Only the uncoated steel surface was successively polished with different metallographic grits, up
to 1000 emery papers. Before measurements, the working electrodes were degreased with acetone,
washed with distilled water, and then left to dry in air.
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2.3. Electrochemical Measurements

An Autolab, which was delivered by Metrohm (Utrecht, the Netherlands) was the potentiostat
machine employed for the corrosion measurements herein. The plots of the CPP were collected over
a potential range from −1200 mV, which was scanned in the anodic direction to reach −0.200 mV
(Ag/AgCl). The potential was reversed in the backward direction from a value of −0.200 mV/s to the
limit that the reversed direction intersected with the potential of the forward direction. The scan rate
for the forward and backward directions was chosen for the steel rods to be 1.67 mV/s [18]. The EIS data
were obtained from the corrosion potential (EOCP) of the electrode over a frequency scan from 100 kHz
to 1.0 mHz at a ±5 mV peak-to-peak overlaid AC wave, using the PowerSINE software. The change of
current with time curves were collected at a constant value of potential for the steel samples after their
immersion in 4% NaCl solution. All electrochemical measurements were performed in triplicate on
a fresh surface of the steel electrodes and a new batch of NaCl solutions. The working electrodes were
immersed in 4% NaCl solution for 48 h followed by the application of −700 mV for 40 min. Then, their
surface morphology was investigated using SEM (JEOL FE-SEM Model 7600, Tokyo, Japan). To obtain
the elemental analysis of the corroded surfaces, an EDX (JEOL, Tokyo, Japan) unit attached to the SEM
instrument was used.

3. Results and Discussion

3.1. EIS Data

The EIS technique provides necessary kinetic parameters for the corrosion and corrosion protection
of metallic materials in corrosive media [19–23]. Typical Nyquist plots measured for (1) PS, (2) PSC1,
and (3) PSC2 after the immersion in 4% NaCl solution for 0.1 h are shown in Figure 1. To report the
effect of increasing immersion time to 24 h and 48 h, the EIS measurements were obtained for (1) PS,
(2) PSC1, and PSC2 after being immersed in 4% NaCl solution for the named time, and the plots are
respectively depicted in Figures 2 and 3. All EIS data were analyzed and fitted to the circuit model
that is presented in Figure 4, and the impedance values obtained from this fitting process are listed in
Table 3. These parameters can be defined as follows: RS is the resistance of solution, Q represents the
constant phase elements, RP is the polarization resistance, and W is the Warburg impedance [24].
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Figure 1. Nyquist plots obtained for (1) PS, (2) PSC1, and (3) PSC2 after their immersion in 4% NaCl 
solution for 1.0 h. 
Figure 1. Nyquist plots obtained for (1) PS, (2) PSC1, and (3) PSC2 after their immersion in 4% NaCl
solution for 1.0 h.
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The obtained Nyquist plots for all samples after immersion for different durations show only 
one semicircle in the chloride test solutions (Figures 1–3). It is evident from the spectra shown in 
Figure 1 that the width of the plotted semicircles increases in the order of PS < PSC1 < PSC2. Thus, 
the corrosion resistance of these materials increases in the same order, i.e., the corrosion resistance 
increases as PSC2 > PSC1 > PS. Coating the surface of the steel with 88%WC-12%Co increased the 
corrosion resistance of API-2H steel as a result of the increased passivity of the surface of the steel 
due to the presence of WC and Co. Furthermore, coating the surface with 86%WC-10%Co-4%Cr 
provided a higher passivation due to the presence of both WC and Co, in addition to the presence of 
Cr. Increasing the time of immersion to 24 h and further to 48 h depicted almost the same effect of 
increasing the resistance of the steel to corrosion, as qualitatively seen in Figures 2 and 3. The 
increased exposure time was also observed to decrease the diameter of the semicircles for all the 
uncoated and coated steels, which is most probably because of the increased corrosive attack caused 
by chloride species toward the steel surfaces. 
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Figure 2. Nyquist plots obtained for (1) PS, (2) PSC1, and (3) PSC2 after their immersion in 4% NaCl 
solution for 24 h. 
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Figure 3. Nyquist plots obtained for (1) PS, (2) PSC1, and (3) PSC2 after their immersion in 4% NaCl 
solution for 48 h. 

Figure 2. Nyquist plots obtained for (1) PS, (2) PSC1, and (3) PSC2 after their immersion in 4% NaCl
solution for 24 h.
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Table 3. EIS data obtained for the uncoated and coated steel samples after different immersion periods
in 4% NaCl solution.

Sample/Time RS/
(Ω·cm2)

Q RP/
(Ω·cm2)

W/
(Ω·cm2

·s−
1
2 )YQ (YQ/S*sˆn) n

Uncoated PS (1.0 h) 4.41 0.000214 0.89 3946 0.01867
Coated PSC1 (1.0 h) 3.95 0.000211 0.90 6367 0.01855
Coated PSC2 (1.0 h) 4.41 0.000205 0.90 7091 0.01187
Uncoated PS (24 h) 4.68 0.000188 0.90 4886 0.01098
Coated PSC1 (24 h) 4.76 0.000191 0.91 5647 0.01087
Coated PSC2 (24 h) 5.28 0.000183 0.91 5739 0.01079
Uncoated PS (48 h) 4.75 0.000184 0.91 6634 0.01047
Coated PSC1 (48 h) 4.95 0.000192 0.90 7840 0.00570
Coated PSC2 (48 h) 4.64 0.000181 0.91 7908 0.00635

The obtained Nyquist plots for all samples after immersion for different durations show only
one semicircle in the chloride test solutions (Figures 1–3). It is evident from the spectra shown in
Figure 1 that the width of the plotted semicircles increases in the order of PS < PSC1 < PSC2. Thus,
the corrosion resistance of these materials increases in the same order, i.e., the corrosion resistance
increases as PSC2 > PSC1 > PS. Coating the surface of the steel with 88%WC-12%Co increased the
corrosion resistance of API-2H steel as a result of the increased passivity of the surface of the steel
due to the presence of WC and Co. Furthermore, coating the surface with 86%WC-10%Co-4%Cr
provided a higher passivation due to the presence of both WC and Co, in addition to the presence of
Cr. Increasing the time of immersion to 24 h and further to 48 h depicted almost the same effect of
increasing the resistance of the steel to corrosion, as qualitatively seen in Figures 2 and 3. The increased
exposure time was also observed to decrease the diameter of the semicircles for all the uncoated and
coated steels, which is most probably because of the increased corrosive attack caused by chloride
species toward the steel surfaces.

Figures 1–3 and Table 3 indicate that coating the API steel coated with 88%WC-12%Co
showed decreased corrosion, which increased when the steel was coated with 86%WC-10%Co-4%Cr.
The parameters listed in Table 3 confirmed also where the polarization resistances (RP) were greater for
the coated electrodes compared to the values obtained for the uncoated ones. The values of the CPE
(Q), as represented in Table 3, can be considered as double-layer capacitors having a heavily porous
layer. This is because Q, (YQ, CPEs), depending on their n-values, can be a W or Cdl or a resistor (L); it
is W when n = 0.5, or Cdl with some pores when n = 1.0, and L when n = 0. Therefore, the values of
YQ obtained for the coated API-2H steel were much lower than those for the uncoated API-2H steel,
which further proves the higher corrosion resistance for the coated API pipeline steel, i.e., PSC1 and
PSC2. The presence of W within the equivalent circuit (Figure 4) indicates that the formed layer on the
surface of the API steel limits the access of the chloride ions via the mass transport.

Therefore, the EIS data prove that coating the steel with these inorganic coatings protects the
steel surface against corrosion by chloride in 4% NaCl solution, owing to API-2H steel forming a top
coating layer, which decreases the dissolution of the steel surface via increasing its resistance against
the aggressive action of the chloride ions.

3.2. CPP Measurements

To understand the mechanism of the corrosion protection of the API steel through its coating,
cyclic polarization measurements were carried out. The CPP curves of (1) PS, (2) PSC1, and (3) PSC2
after immersion for 1.0 h in 4% NaCl solutions are shown in Figure 5. The CPP curves obtained for
the same materials after 24 h and 48 h at the same conditions shown respectively in Figures 6 and 7.
The values of the Tafel slopes (cathodic (βc) and anodic (βa)), corrosion potential (ECorr), the corrosion
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current (jCorr) density, and the corrosion resistance (RP) were calculated as previously reported [19–21]
and listed in Table 4.Coatings 2020, 10, 275 6 of 13 
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Table 4. Polarization (CPP) data obtained for the PS, PSC1, and PSC2 samples after the different
immersion periods in NaCl medium.

Steel/Time βc
(mV·dec−1)

ECorr
(mV)

βa
(mV·dec−1)

jCorr
(µA·cm−2)

Rp
(Ω·cm2)

RCorr
(mmpy)

Uncoated PS (1.0 h) 105 -928 150 47 531.37 0.545
Coated PSC1 (1.0 h) 100 -840 140 38 667.42 0.441
Coated PSC2 (1.0 h) 95 -780 137 29 841.11 0.336
Uncoated PS (24 h) 125 -958 148 42 718.90 0.371
Coated PSC1 (24 h) 122 -832 142 34 839.14 0.344
Coated PSC2 (24 h) 118 -865 140 28 959.72 0.302
Uncoated PS (48 h) 98 -955 115 32 831.85 0.359
Coated PSC1 (48 h) 110 -825 120 26 994.27 0.325
Coated PSC2 (48 h) 115 -868 125 20 1302.1 0.232

The values of the corrosion rate (RCorr), which are mostly expressing the uniformed corrosion and
also listed in Table 4, were calculated using the following equation [25]:

RCorr = 3.27× 10−3
(

jCorr Ew

ρ

)
(1)

where RCorr (millimeters/year), EW (equivalent weight/grams), ρ (density of the metal or alloy/(g/cm3)),
and jCorr (µA/cm2).

It has been reported that the reaction of cathode for metals and/or alloys in neutral chloride
solutions is the reduction of O2 as per the following equation [26,27];

O2 + 2H2O + 4e− ↔ 4OH−. (2)

On another side, the reaction at the anode is the dissolution of metal, which in this case will be the
dissolution of Fe presented in the API-2H steel according to the following reaction [27]:

Fe = Fe2+ + 2e−. (3)

It is evident that the current shows an active passive behavior for all steel samples but the highest
current values were recorded for the uncoated steel, PS sample. The active area results due to the iron
dissolution to Fe2+ and the passivation results from the formation of a corrosion product layer and/or
an oxide film onto the steel surface as per the following reactions:

Fe +
1
2

O2 + H2O→ Fe(OH)2 (4)

3Fe(OH)2 +
1
2

O2→ Fe3O4 + 3H2O. (5)

The current continues to increase even in the backward direction, resulting in the creation of
an area of a hysteresis loop (curve 1 ), which is due the pitting attack that takes place on the surface;
the massive area of the hysteresis loop indicates that a more severe pitting corrosion takes place.
The PSC1 sample shows lower cathodic, anodic, and corrosion currents, a less negative ECorr value,
and a smaller hysteresis loop area. The coated PSC2 sample showed the lowest currents, the least
negative ECorr value, and the smallest hysteresis loop. This indicates that the severity of both uniform
and pitting corrosion decreases with coating, as per the following order; PSC2 < PSC1 < PS.

The exposure period of time was increased to 24 h and 48 h, and the polarization curves are shown
respectively in Figures 6 and 7. All CPP plots as well as the corrosion parameters listed in Table 4
indicate that prolonging the time of exposure decreases the corrosion through reducing the values of
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jCorr and RCorr, as well as magnifying the RP values. This confirms that the increase of time decreases
the corrosion of all samples, whether uncoated or coated.

3.3. Potentiostatic Current–Time Experiments

The probability of the pitting corrosion to occur for the uncoated and coated steel samples is
further explained using the change in the potentiostatic current versus time (PCT) measurements after
different exposure periods were utilized. Figure 8 shows the PCT curves obtained for (1) PS, (2) PSC1,
and (3) PSC2 after stepping a constant value of potential at −700 mV (Ag/AgCl) in 4% NaCl solution
for 1 h. Similar PCT curves were also obtained at the same conditions for the different samples after
being exposed to the electrolyte for 24 h and 48 h, as seen respectively in Figures 9 and 10. Figure 8
shows that the initial current values for the uncoated and coated API-2H steels abruptly decreased
with time due to a passive film formation. Increasing the time before stepping the potential to the
fixed value, −700 mV, led to a slight current decrease until the end of the experiment. It is clear that
the uncoated steel sample (PS) recorded the highest absolute currents, while the obtained currents for
PSC1 and PSC2 were much lower.
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NaCl solution after 48 h of exposure.

Prolonging the exposure time of the steel samples in 4% NaCl solutions to 24 h and 48 h gave
almost similar curves but with lower current values (see Figures 9 and 10). Thus, the increase of the
exposure time increases the resistance to corrosion for both uncoated and coated steel, where increasing
the time has led to increasing the passivity of the steel surfaces. Thus, the current–time behavior for
the uncoated and coated steel samples indicates that the pitting corrosion does not occur at this value
of the constant potential, i.e., −700 mV (Ag/AgCl).

3.4. SEM and EDX Investigations

The scanning (SEM) and energy-dispersive (EDX) examinations were conducted onto the uncoated
and coated steel surfaces to report the corrosion, whether uniform or pitting in 4% NaCl solution at
the fixed potential value. Figure 11 depicts (a) the SEM image and (b) its corresponding EDX profile
analyses taken from surface of the uncoated API-2H steel (PS) after being in 4% NaCl solution for 48 h,
followed by the application of −700 mV for 40 min. It is evident that the surface of the uncoated steel
is deteriorated via the corrosive chloride ions attack toward the surface, leading to the formation of
corrosion products. Furthermore, the surface does not show any pits, confirming the current–time
behavior shown in Figure 10. This occurred although the values of the recorded currents for the
uncoated steel electrodes were decreasing with time. The EDX profile analysis presented in Figure 11b
shows the spectra for many elements; the weight percentage (wt %) for the surface of the uncoated
API-2H steel was as follows: 41.91% Fe, 32.84% O, 15.89% C, 6.34% Cl, and 2.56% Na. The high wt %
of Fe and O indicate that the corrosion product and the top layer formed on the surface of the uncoated
API-2H steel were mainly iron oxide (see Equation (5) [28]). The formation of this oxide is not sufficient
to fully protect the surface of API-2H steel from corrosion. This is confirmed by the presence of Cl− in
the top layer of the surface of the steel.
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Figure 11. (a) The SEM image and (b) the corresponding energy-dispersive X-ray (EDX) spectra for
uncoated PS in 4% NaCl solution for 48 h followed by fixing a potential value of −700 mV for 40 min.

Figure 12a presents the SEM and (b) the EDX spectra for PSC1 in 4% NaCl solution for 48 h
followed by fixing a potential value of −0.70 V for 40 min. The SEM image shows a complete coverage
for the surface with a thick corrosion product layer. The layer formed here looks denser and more
compact compared to the surface of the uncoated steel. The wt % detected for the 88%WC-12%Co
coated API-2H steel surface was as follows: 35.97% W, 24.34% C, 13.43% Co, 23.09% O, 1.09% Fe, 0.65%
Na, and 0.62% Cl. It is evident that W, C, and Co presented the highest wt % as they are representing
the main contents of the coating layer for the PSC1 sample. The presence of a high wt % of O also
indicates that the compounds formed on the surface are oxides. Moreover, the presence of a low wt %
of iron confirms that the steel surface is well coated with WC-Co coating. Additionally, the existence of
both Na and Cl at low wt % reveals the presence of NaCl salt deposited on the surface. The SEM/EDX
investigations, along with the current–time measurements obtained for PSC1, thus confirm that coating
the API-2H steel with a top layer of WC-Co decreases uniform corrosion and prevents the occurrence
of the pitting attack.
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Figure 12. (a) The SEM image and (b) the corresponding EDX spectra for PS coated with 88%WC-12%Co
in 4% NaCl solution for 48 h followed by fixing a potential value of −700 mV for 40 min.

Observations of the SEM/EDX investigations are shown in Figure 13; these were performed on the
PSC2 sample surface after being exposed to 4% NaCl solution for 48 h and applying –700 mV. It is
evident from the SEM micrograph that a thick and dense layer of corrosion products forms on the
surface without any indication on the presence of pits inside the formed layer. The wt % obtained from
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the EDX profile analysis corresponding to the surface shown in Figure 13 presented these percentages
for the element detected: 36.58% W, 29.70% C, 21.60% O, 5.82% Co, 3.02% Cr, 1.96% Na, and 1.31% Cl.
The highest wt % was recorded for the main components of the coating layer; i.e., W, C, and O; while
a lesser wt % was noted for Co and Cr. This indicates that the addition of 4% Cr to the PSC1 coating to
form the PSC2 coating decreases the severity of the steel corrosion in the chloride test solution.
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4. Conclusions

Two different types of inorganic coatings were synthesized and applied onto the surface of the
pipeline API-2H steel (PS). The effect of these coatings on the protection from the corrosion in 4% NaCl
solution was investigated by different techniques. It was discovered that the PSC1 and PSC2 coatings
decrease the corrosion of the steel through minimizing the anodic and cathodic currents, corrosion
current, and the corrosion rate, which in turn increases the resistance to corrosion. The protection from
corrosion was due to the surface layer of the coatings that prevents the chloride ions from reaching
the steel surface. Protection from corrosion was also confirmed via the SEM micrographs and EDX
profile analysis, which indicated the formation of a thick layer that protects the surface of the steel.
All the results proved that coating the steel with PSC1 and PSC2 decreased its general corrosion and
prevented the pitting attack to take place; however, the PSC2 coating is more protective for the steel
surface and thus better than PSC1.
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