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Corrosion behavior of nickel and cobalt coatings
obtained by high-velocity oxy-fuel (HVOF) thermal
spraying on API 5CT P110 steel

C. S. Brandolt*, M. R. Ortega Vega, T. L. Menezes, R. M. Schroeder
and C. F. Malfatti
The API 5CT P110 steel is employed in oil and gas industry due to its excellent
mechanical properties. However, its poor corrosion resistance makes necessary
the employmentof aprotection. Althoughnickel-basedandcobalt-based coatings
obtained by HVOF have been widely studied regarding corrosion resistance, they
arenormallyassociatedwithotherelements. Purenickel and/orpurecobaltHVOF-
obtained coatings have not yet been studied.Therefore, in thiswork, the corrosion
resistanceofnickel andcobalt coatingsobtainedbyhigh-velocityoxy-fuel thermal
spraying on API 5CT P110 steel was evaluated. The coatings were characterized
regarding morphology and structure by SEM, EDS, XRD, roughness, and Vickers
microhardness. The corrosion resistance was evaluated by OCP monitoring and
potentiodynamic polarization in a 3.5wt% sodium chloride solution. The results
showed that both coatings actedas abarrier andavoided the contact between the
steel substrate and the electrolyte due to the low melting point of the metals
employed, which resulted in effective fusion of the particles. Besides, the nickel
coating, promoted a better corrosion resistance compared to cobalt coating.
1 Introduction

With the increase of energy demand in recent years, the need for
oil exploration in remote and critical areas, such as in deep and
extremely deep waters arose. In these environments materials
are subjected to high pressures and come into contact with
aggressive species, hence there is a need for new technologies
and materials able to withstand these extreme conditions. API
5CT P110 is a high strength low alloy (HSLA) steel, used for oil
well drilling, whose specifications are described in the standard
API specification 5CT-specification for casing and tubing [1].
Despite being one of themost important series of steels for pipes,
API steels show corrosion resistance for short time [2]. The
application of coatings on pipes of the P110 series is an effective
alternative to improve the corrosion resistance of this material,
which was shown by Lin et al. [3].

Among the options for protecting components in the oil and
gas industry, the thermal spraying has received prominence as an
alternative for the sector and motivated research [4–7]. Thermal
spraying consists of a set of techniques for obtaining coatings
C. S. Brandolt, M. R. Ortega Vega, T. L. Menezes, R. M. Schroeder,

C. F. Malfatti

LAPEC, Federal University of Rio Grande do Sul – UFRGS, Avenida

Bento GonScalves, 9500 Porto Alegre – RS (Brazil)

E-mail: cristiane.brandolt@ufrgs.br

www.matcorr.com wileyonlinelibrary.com
whose primary purpose is to confer wear and corrosion resistance
of components. In this technique, materials in powder form are
heated in the beak of a pistol and accelerated by gases under
pressure against the surface to be coated, reaching it in themolten
state or half molten state. When hitting with the surface, the
particlesflatten andcling to thebasematerial resulting in a lamellar
structure consisting of flattened particles parallel to the substrate
surface, containing oxides inclusions, voids, and porosity [8,9].

The thermal spraying stands out for its practicality, for its
relatively low cost compared to other processes, the possibility
of obtaining ceramic, metal, composites, and even polymeric
coatings, in the various different substrates [8,10]. Moreover,
when compared to other processes, it implies less environmental
impact combined with lower cost and higher production rate. In
addition to providing corrosion and wear resistance, coatings
are also applied in pieces that require thermal insulation [11],
electrical insulation, and biological compatibility [12]. Also, this
type of coating is used to protect pipes from the oil and gas
industry against erosion. Other studies show coatings by thermal
spraying as an option for corrosion protection in high temper-
ature boiler pipes [13,14]. Moreover, the use of thermal spraying
coating against corrosion of magnesium alloys for aerospace
applications is analyzed by Taltavull et al. [15]. Recently, the study
of nanostructured coatings have strengthened, as at Kumar
et al. [16] study, related to nanostructured thermal spray coating
for erosion–corrosion protection of boilers.
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The thermal spraying is broken down into several processes
with regard to thematerial to be applied, the heatingmethod and
the method of particle acceleration toward the substrate [17,18].
Among the techniques, the high-velocity oxy-fuel (HVOF)
thermal spraying stands out for being operational at lower
temperatures and for the highest quality of the obtained coating.
In this process, there is a reaction between a fuel, introduced in a
combustion chamber, and oxygen. Combustion is initiated by
an ignition system and the energy released in the reaction is
converted into heat and pressure to heat and propel powder
particles along with the gases, forming a jet of flame. The
particles in the jet reach hypersonic speed, forming a coating
with extremely low porosity (typically<1%) and high strength of
adhesion to the substrate [19–23].

Among the materials for thermal spraying application,
nickel and cobalt are the dominant ones for presenting good
corrosion resistance in various corrosive medium. These metals
are widely used as base metal in super alloys or special alloys
for improving corrosion and high temperature oxidation
behavior [24–26].

Additionally, those metals have relatively low melting
temperatures compared to the operating temperatures of the
HVOF process, which guarantees a better fusion of particles,
important aspect for the final quality of the coatings [18,26].
Inefficient fusion of particles of the sprinkled coating is
associated with lower coating performance for the protection
of the substrate. Higher operating temperatures, regarding the
fusing temperature of the metal or alloy used in coating,
are indicated to ensure an efficient particle fusion and to improve
the performance of coatings [27]. However, some processes
present operating temperature limits.

The studies of nickel and cobalt HVOF coatings associated
with other elements have been reported extensively in literature
regarding corrosion resistance improvement [28–33], hot corro-
sion [34,35], and corrosion associated with wear and erosion
phenomena [36–38], however, the study of pure nickel and pure
cobalt coatings obtained by HVOF has not been studied.

Therefore, in this work, pure cobalt and pure nickel coatings
were obtained by a HVOF thermal sprayingmethod, on API 5CT
P110 steel. The aim of this research is to evaluate the corrosion
performance of these coatings as an alternative for protection of
steel pipes in aggressive environments.
Table 1. Thermal spraying parameters used in obtaining coatings of

nickel and cobalt

Feed rate 0.0013 kg/s
Canon 0.152m
Oxygen pressure 965000� 3440N/m
Oxygen flow 0.0162m3/s
Fuel pressure 917000� 3440N/m2

Fuel flow 0.000547m3/s
Nitrogen-gas pressure drag 344000N/m2

Nitrogen-gas flow of drag 0.0000787� 0.00000787m3/s
Compressed air pressure 800000N/m2

Speed of disk feeder 0.092 rev/s
Distance of the pistol 0.3m
Displacement speed gun 19m3/s
Number of passes 4
2 Materials and methods

2.1 Coating obtaining

Rectangular API 5CT P110 steel substrates with dimensions of
90� 14� 8mm3 were used for this study. Prior to spraying, the
samples were cleaned with acetone in ultrasound for 5min,
followed by sandblasting with alumina. The prior preparation of
the surface is the stage with a highest influence for the resistance
and adhesion of the coating to the substrate, since it includes the
elimination of impurities that might decrease the adhesion (by
cleaning in acetone) and for obtaining superficial roughness
(obtained by blasting), that is the main responsible for the
mechanical anchoring of the coating to the substrate [39]. In
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
order to obtain the coatings, nickel powder (99.9425%) and cobalt
powder (99.9000%) were used, and the particle size was analyzed
by the CILAS 1180 equipment. The coatings were obtained
by HVOF thermal spraying technique with TAFA JP 5000 HP/
HVOF System Model 5120 equipment of the manufacturer
PRAXAIR and a TAFA GUN Model 5220 pistol. The parameters
used for both coatings are displayed in Table 1.

2.2 Morphological and structural characterization

The thickness and porosity of the nickel and cobalt coatings were
obtained using the Axion Vision software. The coated surface
roughness was characterized by a roughness meter (Mitutoyo
SJ500 model).

The determination of present phases in the coatings and
metallic powders was performed by X-ray diffraction (XRD) on a
Philips X-ray analytical equipment X’Pert-MPD system equip-
ment, PW3040/00 console and the X-ray tube was the PW3373/
00 tube with a Cu anode. The hardness values were obtained by
Vickers microhardness testing of the nickel and cobalt coatings,
as well as from the API 5CT P110 steel substrate, and from pure
nickel and pure cobalt plates. In microhardness testing, a load
of 0.02 kgf with 14 s of penetration was used.

The morphology of metal powders and coatings was
evaluated with the use of scanning electron microscopy (SEM),
in a JEOL 5800 microscope coupled to energy dispersive
spectroscopy (EDS) used for elemental mapping, both in top
view as cross section view.

2.3 Electrochemical characterization

For the electrochemical characterization, potentiodynamic polar-
ization tests and open circuit potential monitoring (OCP) were
performed in a potenciostat/galvanostat AUTOLAB. A three
electrode cell was used with a saturated calomel electrode (SCE)
as reference electrode and platinum as counter electrode, in a
naturally ventilated environment, without agitation, at room
temperature, in a 3.5wt% sodium chloride solution. The OCP
values were obtained during the first hour of immersion, before
the potenciodynamic polarization which was carried out from
�200 to 1000mV in relation to the OCP value, with a scan rate of
1mV/s. From the potentiodynamic polarization curves, by Tafel
www.matcorr.com
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extrapolation Nova1 software, the values of the corrosion
potential (Ecorr), the corrosion current density (icorr), and the
polarization resistance (Rp) were obtained.

Electrochemical tests were performed on the following
systems: API 5CT P110 steel with abrasive blasting, nickel
coating on API 5CT P110 steel, cobalt coating on API 5CT P110
steel, pure nickel plate (99.9% purity), pure cobalt plate (99%
purity), nickel coating removed from API 5CT P110 steel, and
cobalt coating removed from API 5CT P110 steel.

Pure nickel and pure cobalt plates were used in the
electrochemical tests aiming to compare with the coatings
performance. The nickel and cobalt coatings obtained by HVOF
removed from the substrate were used to evaluate the behavior
toward corrosion of the coatings without the interference of the
substrate. Therefore, the nickel and cobalt coatings were
obtained by HVOF on the API 5CT P110 substrate and
subsequently removed. The coating detachment is possible
because, generally, for thermal spraying coating there is no
dilution between the coating and the substrate [8], since the
material reaches the substrate in the paste form and not in the
melted form.
3 Results and discussion

3.1 Morphological and structural characterization

The results for the granulometric distribution of powders,
exhibited values of average diameter of 27.25mm for the nickel
powder and 32.71mm for the cobalt powder. For application by
Figure 2. X-ray diffractograms of nickel powder (A) and cobalt powder (B

Figure 1. Images obtained by scanning electron microscopy of nickel pow
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the HVOF process, the ideal average particle size is between 45
and 5mm [10]. On the SEM images obtained after treatment
displayed in Fig. 1, it appears that both powders have irregular
morphology, but with a tendency to spherical shape. This
morphology is desirable for the HVOF thermal spraying process,
as it allows for better drainage of the spray pistol powders for
coating [40–42]. The X-ray diffractograms of nickel and cobalt
powders are, respectively, shown in Fig. 2A and B. The
diffractions of powders revealed just the presence of pure nickel
and pure cobalt, without indication of contamination of the
powders or the presence of other phases.

Table 2 shows the mean values of 10 layer thickness
measurements made over the coatings of nickel and cobalt and
their respective standard deviation. The layer thickness is a
function of several parameters of spraying, whose combination
controls the thickness of the layer. In a study where pure niobium
coatings were obtained byHVOF [43], five layers of coatings were
obtained at a deposition rate of 41 g/min, which resulted in a
layer thickness of 100mm. In comparison with the present study,
four layers have been obtained at a deposition rate of 76 g/min
and thicknesses of�200mmwere achieved. It demonstrates that
the deposition rate is a more important parameter than the
number of passes. In addition, higher deposition rates result in
lower application times and increase the yielding of the process.
Finally, from the values of standard deviation, the cobalt coating
developed more thickness irregularity than the nickel coating.

The porosity is an important parameter of the performance
of coatings obtained by thermal spraying, mainly in relation to
corrosion. The presence of porosities (in particular, passing
porosities) and discontinuities may favor the entry of the
)

der (A) and cobalt powder (B)
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Table 2. Layer thickness values obtained from the coatings of nickel

and cobalt

Nickel coating
(µm)

Cobalt coating
(µm)

Average thickness (µm) 202.65 208.55
Standard deviation (µm) 6.65 15.69
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electrolyte and promote the chemical attack of the substrate [27].
From the results retrieved through Axion Vision software,
0.82% porosity was detected in the coating of cobalt and 0.31%
porosity in the nickel coating. Both coatings showed values
below 2% and are therefore within the limits set by the
metallic coatings by thermal spraying N2508 standard [44]. The
lowest porosity presented by nickel may be associated with
the smaller size of the nickel particles in comparison with the
cobalt ones. Maranho et al. [39] evidenced that the reduction of
the particle size of the powder in the segment of 75–20 µm to
the segment of 45–20 µm resulted in a decrease of porosity of
1.4–0.9%.

According to the standard N2508 [44], the reduction of the
protection against corrosion in the substrate offered by the layer,
occurs when there are passing porosities. However, apparently
the porosity found in coatings of nickel and cobalt, as shown in
Fig. 3, are not passing porosities, with only small pores that did
not attach the substrate to themediumwere observed. Because of
Figure 3. Zones of porosity in (A) nickel coating and (B) cobalt coating

Table 3. Values of hardness of the nickel coating, cobalt coating, pure nic

Measurement Nickel coating
(HV)

Cobalt coating
(HV)

A

Average value 312 413
Standard deviation 59 70

Table 4. Roughness of the studied systems

System Rms average
(mm)

Rms standard
deviation (mm)

Abrasive blasted API 5CT P110 6.99 0.53
Nickel coating 7.35 0.90
Cobalt coating 9.40 0.11
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the figures being two-dimensional, they do not allow the
complete analysis of the pore morphology.

Table 3 displays the values of hardness (mean value of 10
measures and standard deviation) of coatings of nickel and
cobalt, nickel and cobalt pure metals, and API 5CT P110 steel. It
is observed that both coatings feature higher hardness values to
their respective pure metals and the substrate. This result is
probably associated to the formation of oxides during the thermal
spraying process. Quantifications found in the literature show
quantities of less than 1% of oxides formed [45]. The higher
standard deviation in both coatings is probably due to the
presence of irregularities and heterogeneities in the composition
of coatings.

The roughness values of the nickel and cobalt coatings, and
of the abrasive blasted steel are shown in Table 4. From the
results, it was observed that the cobalt coating presented values of
Ry, Ra, and Rms greater than the nickel coating. This variation is
not very significant in terms of roughness, however, this result
confirms the greater irregularity of the cobalt layer, as observed in
characterization by layer thickness (Table 2).

Figure 4 displays the X-ray diffractogram of the nickel
coating obtained on API 5CT P110 steel. From the results it is
observed that besides the pure nickel, there was also a presence
of NiO in the nickel coating. The presence of oxides in sprayed
coatings is common. This is caused by the contact of the metal
particles with oxygen at high temperatures during the spraying
process. Thus, the formation of nickel oxide could justify the
kel, pure cobalt, and the substrate

PI 5CT P110 steel
(HV)

Pure nickel plate
(HV)

Pure cobalt plate
(HV)

273 102 227
5 4 9

Ra average
(mm)

Ra standard
deviation (mm)

Sy average
(mm)

Sy standard
deviation (mm)

5.60 0.13 45.68 2.63
6.00 0.79 42.19 6.44
7.64 0.07 51.73 0.60
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Figure 4. X-ray diffractogram of the nickel coating (A) and of the cobalt coating (B), obtained by HVOF
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higher hardness value of the nickel coating in relation to the
pure nickel.

On the other hand, the cobalt coating diffractogram showed
only the puremetal. However, the superior hardness of the cobalt
coating could indicate that there was the formation of oxides in
the coating. The X-ray diffraction probably did not identify the
presence of oxides due to the high roughness of the cobalt
coating, associated with the lower detection intensity as the
ordinate axis of the diffractogram indicates. The detection of
nickel oxide in Fig. 4 was of low intensity, probably due to the
roughness of the coating as well.

Figure 5 displays the top view images and Fig. 6 displays the
cross-section images of the coatings of nickel and cobalt,
obtained by SEM. From Fig. 5, it is noticeable that both coatings
have an irregular morphology. These surface irregularities may
be affected by the electrolyte by accumulating a differentiated
Figure 5. SEM top view images of the nickel coating (A) and the cobalt c

Figure 6. SEM cross-section images of the nickel coating (A) and cobalt c
regions
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concentration of ions, and accelerate mechanisms of localized
corrosion [27].

Note that in Fig. 5 the coatings practically do not present any
porosity regions along the cross-section. It is only possible to
observe small microporosities along the cobalt coating, parallel to
the surface, as indicated by the white arrows in Fig. 5B . Probably,
this parallel distribution is due to the lamellar structure typical
for thermal spraying-obtained coatings, which facilitate the
occurrence of defects in the longitudinal direction of the coating.
Despite of the presence of spread microporosities, no large
regions of porosities or passing porosities were found. In another
study [46], Nb-based coatings presented large regions of passing
porosities, which, in turn, compromised their corrosion behavior.

Figure 7 shows the cross-section image of the nickel-coated
steel with mappings of the Fe, and Ni elements. Figure 8 shows
the cross-section image of the cobalt-coated steel with mappings
oating (B) obtained by HVOF

oating (B) obtained by HVOF. In Co coating, arrows indicate porosity

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Figure 7. SEM cross-sections images of the nickel coating obtained by HVOF: (A) image obtained by secondary electrons, (B) clear region showing
the mapping of element Fe, (C) clear region showing the mapping of Ni element
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of the Fe and Co elements. From the pictures, it is noticeable that
the composition of the coatings is homogeneous throughout its
length. There was no presence of dark regions to indicate defects
or presence of other elements or phases.

Figures 7 and 8 also suggest that there is also no zone of
dilution between the coating and the substrate, since the
separation between them is very clear. Techniques for obtaining
Figure 8. SEM cross-sections images of the cobalt coating obtained by HVO
the mapping of the Fe element, and (C) clear region showing the mappin

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
coatings by welding have as disadvantage the existence of the
dilution zone. This dilution can cause micro-structural changes
in the region, which in turn may compromise the metallurgical
quality of the coating. In this sense, the deposition of alloys by
thermal spraying methods offer the advantage of not owning the
dilution zone, since the process does not reach sufficient
temperatures to melt the base metal [8].
F: (A) image obtained by secondary electrons, (B) clear region showing
g of the Co element

www.matcorr.com



Figure 10. Potentiodynamic polarization curves for the studied
systems
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3.2 Electrochemical characterization

3.2.1 Open circuit potential monitoring

Open circuit potential (OCP) monitoring results, during an hour
of immersion before the potentiodynamic polarization test, is
shown in Fig. 9. The abrasive blasted API 5CT P110 steel
presented more negative potential values than the other systems
during the entire period of monitoring, i.e., this system was the
most active. The noblest potential values were observed for
the nickel coating removed from the substrate, followed by the
pure nickel plate and the nickel coating on the steel. It is noticed
that the nickel coating has an excellent response to immersion in
sodium chloride, both when evaluated on the steel as when
evaluated removed from the API 5CT P110 steel. The observed
oscillation in the nickel curve is probably due to successive
depassivations and passivations in the material of the coating.

OCP curves of the cobalt coating on the steel and removed
from the steel showed intermediate behavior between the curves
of the nickel and of the abrasive blasted steel. This behavior
evidenced that nickel coating presented better barrier effect
compared to cobalt coating on the API 5CT P110 steel. This
must be due to the better corrosion behavior of the metal nickel
in comparison to the metal cobalt. Generally speaking, the
coatings had a barrier effect and isolated the substrate from
contact with the electrolyte. It demonstrates that the porosities
presented by the coatings (Figs. 3 and 5) are not passing
porosities, since OCP results allow to infer that the electrolyte
does not reach the substrate.

3.2.2 Potentiodynamic polarization

The curves of the potentiodynamic polarization for the studied
systems are shown in Fig. 10. Table 5 shows the values of the
corrosion potential (Ecorr), the corrosion current density (icorr),
and the polarization resistance (Rp), obtained from the Tafel
extrapolation. Results show that the abrasive blasted API 5CT
P110 presented the highest values of icorr and the smallest values
of Rp. Moreover, these systems presented more active values of
potential among all the studied systems. These results maintain
the trend as presented by the OCP curves in Fig. 9.

The cobalt coatings showed higher nobler values of
corrosion potential polarization resistance than the abrasive
blasted steel, being similar to the values of the curve of pure
cobalt plate, which show the barrier effect of the cobalt coating.
However, the values of icorr presented by the cobalt coating are
Figure 9. Open circuit potential curves for the studied systems
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approximately the same as the ones presented by the abrasive
blasted steel, which demonstrates that, in the context of the
corrosion current density, it has not improved the behavior of
the base material.

The nickel coatings showed improvements in the corrosion
behavior of the substrate, showing values ofRp and icorr similar to
those of pure nickel plate. As indicated in Table 5, nickel coatings
presented icorr values about 100 times lower than the values of
abrasive blasted steel and Rp values around 100 times higher
than values of the abrasive blasted steel, which shows that the
obtained nickel coating by thermal spray is an excellent choice of
coating against corrosion for API 5CT P110 steel.

The highest corrosion resistance of nickel-coated API 5CT
P110 steel is probably related to the choice of powders with
the appropriate characteristics, especially low melting point in
relation to the operating temperature of the HVOF process. It
led to the production of a coating with low presence of defects,
mainly the absence of passing porosity, reason why the coating
acted as barrier against the electrolyte. In other researches, the
porosity also had its repercussions on the electrochemical
performance of the coatings. In the article of Bezerra [47], in
which the application of a NiCr alloy is performed by thermal
spraying, the low levels of porosity raised the values of
polarization resistance of the coatings, in comparison to the
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Table 5. Data obtained from extrapolation by the Tafel lines in experimental polarization curves of the studied systems

System Ecorr (mV) icorr (A/cm
2) Rp (Ω/cm2)

Abrasive blasted API 5CT P110 �0.659 2.15� 10�5 2.13� 103

Pure cobalt plate �0.382 5.50� 10�6 1.09� 104

Cobalt coating on API 5CT P110 �0.404 2.50� 10�5 1.88� 103

Cobalt coating removed from API 5CT P110 �0.480 4.50� 10�5 6.50� 103

Pure nickel plate �0.248 5.50� 10�8 1.20� 106

Nickel coating on API 5CT P110 �0.249 3.40� 10�7 1.85� 105

Nickel coating removed from API 5CT P110 �0.196 3.80� 10�7 2.78� 105
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substrate. On the other hand, in other work [46] which obtained
coatings of niobium and niobium-iron byHVOF, large regions of
porosity were found through the SEM images, in the coatings.
This porosity influenced the corrosion performance, since the
coatings had amuch lower performance related to the puremetal
(niobium) and showed similarRp and icorr values to the substrate.

Comparing themelting point of niobium, 2469 8C [48]; with
the melting point of nickel, 1455 8C [49]; and of cobalt,
1495 8C [48], it is observed that the melting temperatures of
nickel and cobalt are substantially inferior to that of niobium.
This was probably the cause of the better performance of coatings
obtained in this research, since powder particles probably had a
melting or softening to a larger extent than in Junior’s research.
These higher softening or incipient fusions likely led to a larger
plastic union at the moment of the coatings formation, as well as
it must have contributed to a higher adhesion to the substrate,
resulting in coatings with higher compaction and with better
metallurgical structure. In the research of Zhao et al. [27], the
inefficient fusion of particles is also associated with the lower
efficiency of the coating as a barrier for the electrolyte. However,
Zhao et al. [27] indicates higher temperatures in the process of
spraying, an equally effective way for the fusion of particles.
Wang et al. [50] also associates the inefficient fusion of particles
as one of the factors that reduce corrosion resistance of HVOF
coatings.

In Motta’s research [5], niobium coatings were obtained on
API 5L X65 steel by thermal plasma spraying process by varying
the operation parameters electric current and number of passes.
In this research, the corrosion performance of the coatings was
also much lower than the performance of pure niobium metal,
with the best results of corrosion current density being about 100
times higher than that of pure metal. The worst results were
about 1000 times higher than the pure niobium results, not
showing improvement in behavior against corrosion in relation
to the API 5L X65 steel substrate. InMotta’s research [5], beyond
the high melting point of niobium, there was another reason
for the bad corrosion performance of the coatings in the choice
for the plasma thermal spraying process. In the plasma
process, the particles reach speeds well below the speeds of
the HVOF process, which in turn results in coatings with
more regions of porosity and, thus, compromises their barrier
effects. In other researches, the superiority of the HVOF
process, concerning corrosion resistance, remained evident
when compared to the plasma process, considering the smaller
number of defects presented in the coating obtained by the
HVOF technique [51].
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Despite the demonstrations of significant improvement
related to the substrate, the coatings did not show the same
behavior as that of the pure metals. For example, the coatings of
nickel did not show an equally efficient passivation and,
therefore, did not provide current density values as low as the
pure nickel plate. This small decrease of the nickel coating
performance, compared to the pure nickel, which was also
presented in the cobalt coating, can be associated with the
presence of irregularities in the coating, as well as the presence of
oxides, characteristic of the process.

The execution of the polarization tests with coatings
removed from steel aimed to eliminate the interference of the
substrate in the electrochemical results, in order to ensure
the actual performance of the coating. From the results of
the polarization, both the nickel coating removed from substrate
as the cobalt coating removed from substrate showed worse
corrosion behaviour compared with the respective pure metals.
This confirms that the coatings obtained by thermal spraying
feature a loss in corrosion performance. This can be explained by
the following aspects:
�
 The sample surface irregularity, as revealed in the SEM images
(Fig. 5) and by the roughness values (Table 4), as well as the
presence of superficial cavities, capable of accumulating
electrolytes, can accelerate mechanisms of localized corrosion.
The pitting corrosion mechanism in passive materials in
medium containing chloride ions occurs from the breakup of
the passive layer and the further growth of the pits into the
sample. This growth occurs from the dissolution of the metal
cation inside the cavity, which reacts with water to form metal
hydroxides and release hydrogen ions. The concentration of
this ion results in the reduction of pH to around 1.5 inside the
cavity, which contributes to the continuous propagation of the
pits. Thus, the surface irregularities of sprayed layers could act
as pre-formed pitting, contributing to the dissolution of the
metal in the interior of cavities and irregularities. As Zhao
et al. [27] cited, the highest coating corrosion rate is associated
with the accumulation of hydrogen ions and chloride ions
inside the pores, a fact that justifies the amount of corrosion
products near these defects.
�
 Besides the superficial pores, defects inside the coatings, such
as oxides and inclusions, can act favoring corrosion through
the layer. In the research byGuo et al. [52] corrosion behavior of
coatings obtained by HVOF and HVAF was compared. HVAF
coatings showed better corrosion resistance due to the lower
formation of oxide, because oxide rust contours formed
www.matcorr.com
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between the partially melted particles in HVOF coating can
become the diffusion channels for the electrolyte, and cause
inner corrosion of the coatings. In another research [53],
the coatings obtained by spraying may suffer some crevice
corrosion phenomena, due to the presence of defects, such as
oxides, that act as initiation sites for corrosion.
4 Conclusions
�

w

On the basis of the appropriate properties of the used metal in
the thermal spray process, the nickel and cobalt coatings were
fairly homogeneous and with a low presence of defects, due to
the optimal particle sizes of the powders as well as the
parameter setting of the HVOF process.
�
 Both coatings showed hardness values higher than their
respective pure metals, which indicates oxide formation in the
coatings.
�
 The cobalt and nickel coatings promoted an improvement in
the corrosion behavior, showing a similar behavior to those of
the pure metals. This was probably due to the choice of metals
with lowmelting points, which promoted an efficient fusion of
the particles contributing for the obtaining of coatings that
acted as a barrier between the substrate and the electrolyte.
�
 Besides, the nickel coating presented a better corrosion
behavior than the cobalt coating, since it has a higher intrinsic
corrosion resistance, which highlighted a promising future for
its implementation in oil industry components.
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