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Abstract: In this work, composite Ni-P-multiwalled carbon nanotube films were produced by elec-
troless deposition. The main goal was to investigate the influence of multiwalled carbon nanotube
loading on the local electrochemical behavior of the composite films, as probed by scanning electro-
chemical microscopy (SECM). The coatings were also characterized with respect to their crystalline
structure, surface, and cross-section morphologies. Adhesion strength was examined by scratch
tests. The global electrochemical behavior was evaluated by potentiodynamic polarization. The local
electrochemical activity was investigated by probing the Fe?* oxidation in the surface generation/tip
collection mode of the SECM. The results revealed that multiwalled carbon nanotubes increased the
adhesion strength and reduced the electrochemical activity on the surface of the coated samples.

Keywords: Ni-P/MWCNT composite coatings; electroless deposition; corrosion; scanning electro-
chemical microscopy

1. Introduction

Pipeline steels are manufactured from high-strength low-alloy steels (HSLA) to meet
the strict requirements of the oil and gas industry with respect to its increasing demand for
weight reduction and enhanced productivity in the transportation of their products [1,2].
The intrinsically high mechanical strength of HSLA steels accounts for their reliable oper-
ation in oilfield production [3]. Notwithstanding, the harsh environments to which they
are subject pose challenging design issues related to both wear and corrosion control [4,5].
In view of the critical role played by HSLA steels in the safe operation of transmission
pipelines, it is of prime importance to properly manage surface properties and to guarantee
long-term operation without failure [6].

Corrosion is particularly pointed as a major cause of degradation of the load bearing
capacity of HSLA transmission pipelines [7]. Coatings have been traditionally employed
to protect the internal tubing walls from corrosion in the petroleum industry [8,9]. Epoxy-
based organic coatings are often employed with this purpose due to their chemical inertness
and strong adhesion to metallic substrates [10]. It is well-known, though, that these
materials lose their barrier properties with time, allowing electrolyte penetration through
pores and flaws and, ultimately, to adhesion failure [11].

Electroless nickel coatings have emerged as a viable alternative to overcome the
above-mentioned limitations [12]. These coatings are based on conventional binary Ni-
P films and have consolidated engineering applications in the automotive, aerospace,
and food industries [13]. They owe their outstanding performance to a combination of
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strong adhesion in a variety of substrates, shapes and sizes, and high hardness in the
annealed state, due to the precipitation of nickel phosphides promoting good wear and
corrosion resistance [14,15]. In recent decades, further developments in the electroless
deposition of nickel-based coatings have been driven by growing needs for optimized
surface properties of metallic materials to expand their applicability to more aggressive
environments. Ternary, quaternary, and composite coatings have been developed with
this purpose [16-19]. Co-deposition of a variety of inorganic particles has been tested
for the electroless plating of Ni-P composite coating, such as S5iO,, SiC, TiO,, ZrO, and
B4C [20-24].

Carbon nanotubes (CNT) have also been employed to reinforce particles for electro-
less Ni-P coatings. Several authors [25,26] reported that multiwalled carbon nanotubes
(MWCNT) improved the friction and wear properties of conventional electroless Ni-P.
In addition to improved wear behavior, corrosion resistance is often reported as being
favorably affected by incorporating CNT particles into the Ni-P matrix. The intrinsic
chemical inertness and high length-to-diameter ratio of the CNTs would account for the
optimized corrosion protection ability of the Ni-P-CNT coatings [27,28]. The ability of
the CNT particles to block pores and cavities in the coating layer is associated with the
improved barrier properties of the composite coatings [29,30].

In the present work, we expand the current knowledge related to the development of
electroless Ni-P/MWCNT coatings by evaluating the local electrochemical activity using
scanning electrochemical microscopy (SECM). Its use as an analytical tool to investigate
local corrosion processes of a variety of metallic alloys has been reported in the literature.
Both uncoated and coated alloys have been probed [31,32]. SECM can detect the local
electrochemical activity associated with nucleation of pits, dissolution of metallic inclusions,
and defects through coatings [33-35]. In this respect, for the first time we report the
assessment of the local electrochemical activity of Ni-P/MWCNT composite coatings by
SECM. Furthermore, Ni-P/MWCNT on HSLA pipeline steels is innovative. In order to
support discussion on the electrochemical results, film structure and adhesion properties
of the deposited layers were also evaluated.

2. Materials and Methods
2.1. Substrate and Coating Preparation

API 5L X80 pipeline steel (Usiminas, Ipatinga, MG, Brazil) was employed as substrate.
Its chemical composition is shown in Table 1. Specimens were cut from the as-received
plate into rectangular pieces with the final dimensions of 30 mm x 30 mm x 5 mm. Before
deposition, the specimens were ground with silicon carbide waterproof paper up to grit
1200. Next, the surface was cleaned with alcohol, rinsed with deionized water, and dried
with a heat gun.

Table 1. Chemical composition of the API 5L X80 steel plate (wt.%).

C Mn Si P S Nb Al Cr A% Fe
0.04 1.75 0.20 0.02 0.002 0.065 0.025 0.11 0.025 Bal.

Electroless deposition was accomplished by preparing a Ni-P plating bath consisting
of nickel sulfate (30 g.L~!), nickel hypophosphite (40 g.L.~!), sodium citrate (10 g.L 1),
acetic acid (10 mL.L™1), lactic acid (10 mL.L™!), and sodium hydroxide (40 g.L’l). Sodium
dodecyl sulfate (2 g..71) was added to facilitate dispersion of the multiwalled carbon
nanotubes in the bath. The bath was operated at 88 °C and was magnetically stirred
during deposition. The pH was 4.5, adjusted with ammonium hydroxide. Multiwalled
carbon nanotubes (MWCNT) were purchased from the Federal University of Minas Gerais
(Brazil). Three different CNT concentrations were added to the plating bath: 0.25 g.L 7},
0.50 g.L. 7!, and 1.0 g.L.=!. These samples are designated as CNT-0.25, CNT-0.50, and
CNT-1.0 throughout the text.
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Before deposition, the specimens were cleaned in an alkaline solution consisting of
10 wt.% NaOH at 50 °C and activated in a 50% vol. HySOy4 solution at room temperature.
After washing with deionized water, the specimens were immersed in the plating bath. The
total deposition time was 2 h. After deposition, the specimens were annealed at 400 °C for
1 hin a tubular furnace under argon atmosphere, followed by cooling inside the furnace.

2.2. Structural, Morphological and Adhesion Characterization

The crystalline character of the Ni-P/MWCNT composite coatings was assessed by
X-ray diffractometry (Rigaku DMAX-2000) in the 6-26 configuration, employing Cu-k«
radiation. The 20 range was from 20° to 70°. The surface morphology and cross-sections of
the different coatings were examined by scanning electron microscopy (SEM) coupled to
an X-ray energy dispersive spectrometer (EDS) to study the elemental composition at the
coating/substrate interface.

The adhesion strength of the Ni-P/MWCNT layers was evaluated through scratch
tests by means of a Ducom T101 apparatus equipped with a Rockwell C-type diamond tip.
The normal load was continuously increased from 1 N to 38 N at a rate of 2 N.min~?, a
scratch velocity of 0.5 mm.s !, and a total scratch length of 10 mm. Confocal laser scanning
microscopy (Olympus, LEXT OL54100) was employed to evaluate the penetration depth
of the indenter and topographic features at the interface between the unscratched and
scratched regions.

2.3. Global and Local Electrochemical Tests

Conventional electrochemical tests were carried out using an Autolab M101 poten-
tiostat/galvanostat. A classical three-electrode cell set up was employed with a platinum
wire as the auxiliary electrode, Ag/AgCl as the reference, and the coated API 5L X80
specimens as the working electrodes. The tests were performed in 3.5 wt.% NaCl solution
at room temperature. Initially, the open circuit potential was monitored for 1 h. Right
after, electrochemical impedance spectroscopy measurements were made at the OCP in the
frequency range from 100 kHz to 10 mHz. The amplitude of the perturbation signal was
£10 mV and the acquisition rate was 10 points per decade. Next, the samples were subject
to potentiodymamic polarization by sweeping the potential between —300 mV versus the
OCP up to +1,0 Vag/agcr at 1 mV.s~ L.

SECM current maps were acquired using a commercial Sensolytics system, oper-
ating in the substrate generation-tip collection mode (SG-TC). In this operation mode,
electroactive species generated on the corroding surfaces are reduced or oxidized at the
tip, providing the values of the current related to electrochemically active sites on the
material [36,37]. The SG-TC operation mode was reported in the investigation of localized
corrosion sites on the stainless steel [33,38], whereby the selective monitoring of reacting
species provided from the specific reactions required the operation of the corroding system
without the need to insert a redox mediator to reach electrochemical responses. In this
present work, the SG-TC operation mode was used to investigate the electrochemical
activity of the studied material associated with the localized production of Fe?* ions above
the surfaces. Thus, Fe?* ions produced from the corrosion of the material is sensed in an
oxidation reaction at the Pt tip, according to Equation (1).

SECM current maps were acquired using a commercial Sensolytics system, operating
in the substrate generation-tip collection mode (SG-TC). The reaction shown in Equation
(1), which is typical of ferrous alloys corrosion in aqueous media [33,37], was probed by
biasing the tip at +600 Vag/agc1-

Fe?* +» Fe* + e 1)

A glass-insulated 10 um diameter Pt microelectrode was used as the tip, Ag/AgCl
as the reference electrode, and a Pt wire as the auxiliary electrode. The specimens were
mounted horizontally facing upwards. The tip was at a height of 30 pm above the substrate
surface. The potentials were controlled with a bipotentiostat coupled to the SECM system.
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The specimens were at the open circuit potential. The measurements were carried out in a
0.1 M NaCl solution at room temperature. The electrolyte was less concentrated than that
used for the global electrochemical tests, as the results obtained in 3.5 wt.% NaCl did not
allow to distinguish the local electrochemical response of each sample by SECM due to
excessively high current densities measured throughout the probed area.

3. Results
3.1. X-ray Diffraction

XRD patterns of the Ni-P and Ni-P/MWCNT composite coatings are shown in Figure 1.
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Figure 1. XRD patterns of the Ni-P and Ni-P/MWCNT coatings.

The presence of Ni3P crystallites is clearly observed in the pattern of the conventional
Ni-P film. These species are typical of electroless nickel coatings and are formed during
annealing [39,40]. Strong reflections of the Ni (100) and (200) crystalline planes are also
observed. The crystalline character of the composite coatings was affected by the carbon
nanotubes. The strong Ni (200) reflection of the conventional Ni-P coating was markedly
decreased for the Ni-P-CNT coatings, whereas the Ni (100) became the preferential orienta-
tion. Furthermore, the CNT-1.0 presented a steep reduction in the intensity of its diffraction
peaks, indicating that the coating became less crystalline when CNT concentration was
increased. This effect was observed by other authors [41], being attributed to a distortion
of the crystalline nickel matrix by the incorporation of CNT particles.

3.2. SURFACE and Cross-Section Morphology

The morphology of the conventional Ni-P and Ni-P/MWCNT composite coatings was
examined by scanning electron microscopy (SEM). Figure 2 shows the SEM micrographs
(secondary electrons mode) of the top surfaces.

The binary Ni-P film displays a typical nodular morphology (Figure 2A). The nodular
structure is associated with nucleation and growth of the deposit during electroless plating.
A high nucleation rate is reported to enhance the number of nodules during deposition [42].
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By adding the CNT filler into the plating, the nodules size became finer. The nodular
morphology is less clearly perceived for CNT-0.25 (Figure 2B) due to their small size;
this effect is enhanced for the coatings obtained in the baths with higher CNT loadings
(Figure 2C,D). In this respect, the CNT particles tend to increase the nucleation rate during
electroless deposition, as previously observed by Xu et al. [39]. As a consequence, the
coating surface assumes a more compact character which, in turn, can affect the corrosion
resistance in a positive way.
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Figure 2. SEM micrographs of the top surfaces of the nickel-based coatings: (A) Ni-P; (B) CNT-0.25; (C) CNT-0.5; (D) CNT-1.0.

Coating thickness was examined by SEM/EDS analyses of the cross-sections. Figure 3
shows the results obtained for the CNT-0.25 film. The results for the other samples are very
similar (not shown) and are provided as supplementary files.

The interface between film and substrate can be clearly distinguished by examining
Figure 3B (Ni mapping), Figure 3C (P mapping), and Figure 3D (Fe mapping). Coating
thickness was approximately 4.5 um. The coating follows a continuous interface with
the substrate with no signs of broken-off sites, suggesting it is well-adhered. Similar
features were observed for the other Ni-P/MWCNT films (Supplementary Materials—
Figure S1). Electroless nickel coatings are reported to present good adhesion to metallic
substrates [40]. The results obtained in the present work point towards this direction.
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Additional characterization of the adhesion properties of the composite coatings was
undertaken by scratch tests. The results are shown in Section 3.3.
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Figure 3. EDS mapping of the cross-sections for CNT-0.25: (A) SEM micrograph; (B) Ni; (C) P; (D) Fe.

3.3. Scratch Tests

Adhesion is a must-attend feature of protective coatings. In spite of its relevance,
adhesion properties of Ni-P/MWCNT composite coatings are not commonly reported in
the literature. The results obtained by scratch tests of the Ni-P and Ni-P/MWCNT coatings
are shown in Figure 4. The CLSM 3D views of the scratched regions are shown as well as
the transverse profiles along the lines marked in the 3D micrographs. The width (average
of ten measurements over the scratch length) and maximum depth of the scratched regions
were determined from these lines. The results are shown in Table 2. By evaluating the
transverse profiles, it is evident that MWCNT loading greatly affected the scratched region.
Both the width and the depth were reduced as the MWCNT loading in the plating bath
increased. The shallowest scratch was measured for the CNT-1.0 sample which was also
the narrowest one. The conventional Ni-P film, in turn, presented the deepest and widest
scratch. This result points to the strong hardening effect of MWCNT addition into the Ni-P
matrix, confirming the results obtained by other authors [43].



Metals 2021, 11, 982 7 of 15

120
100
80
S 60
N
40
20
0
0 100 200 300 400 500 600
X (nm)
0 100 200 300 400 500 600
X (u1m)
120
100
80
=
= 60
N
40
20
0
0 100 200 300 400 500 600
X (um)
120
100
80
=
2 60
N
40
20
0
0 100 200 300 400 500 600
X (pm)

Figure 4. 3D views of the scratched region and the corresponding transverse profile along the lines marked in the
micrographs: (a) Ni-P; (b) CNT-0.25; (¢) CNT-0.5; (d) CNT-1.0.
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Table 2. Scratch dimensions of the Ni-P and Ni-P/MWCNT coatings.

Sample Width (um) Maximum Depth (um)
Ni-P 538 + 35 101

CB-0.25 442 + 27 47

CB-0.50 252 + 24 37

CB-1.0 188 £3 32

The critical role played by MWCNTs in the adhesion strength of the Ni-P layer to the
pipeline steel substrate is also perceived from the 3D views presented in Figure 4. The
conventional binary Ni-P coating was delaminated over the scratch length, as can be seen
from the relatively wide dark region in the vicinity of the scratched area in Figure 4a. In
spite of the reduction in both the scratch width and depth with respect to the Ni-P film,
the CNT-0.25 film also presented a relatively wide dark region along the scratch, indicating
that coating delamination (Figure 4b) had occurred in a similar way of that observed for the
conventional unfilled Ni—P matrix. As the MWCNT loading increased, though, different
features could be perceived along the scratch line. As seen in Figure 4c, the delaminated
area was greatly reduced for the CNT-0.50 sample in comparison with the CNT-0.25 and
Ni-P. Such a trend was also observed for the CNT-1.0 sample (Figure 4d). For this condition,
the spalling area in the surroundings of the scratch scar is confined within a narrower
region. Spalling avoidance is associated with a better mechanical load accommodation
during scratch tests of nickel-based coatings [44]. In this respect, our results point that
the CNT particles had a beneficial effect on the adhesion properties of the Ni-P/MWCNT
composite coatings.

3.4. Global Electrochemical Tests

EIS results are represented as Nyquist plots, as shown in Figure 5. All samples are
characterized by capacitive loops in the medium to low frequencies, whose diameter de-
pends on the MWCNT loading in the coating. As pointed out in the literature, the corrosion
resistance is associated with the diameter of the Nyquist plots, since it is associated with
the polarization resistance of the electrode [45,46]. The uncoated substrate presented very
low impedance values when compared to the coated samples. As a consequence, its
Nyquist plot is only seen when the impedance scales are expanded, as shown in the inset of
Figure 5. The impedance values were greatly enhanced for the coated samples, indicating
its beneficial effect on the corrosion resistance of the steel substrate.

The Nyquist plot of the Ni-P exhibits a bigger diameter when compared to the
uncoated sample, revealing the increased corrosion resistance imparted by the electrolessly
deposited film. A progressive increase in the diameter of the Nyquist plot is observed
by incorporating MWCTs into the Ni-P. The CNT-1.0 is the most corrosion-resistant, as
suggested by its large capacitive loop.

The corrosion resistance of the Ni-P and Ni-P/MWCNT coated samples was further
evaluated by potentiodynamic polarization tests after 1 h of immersion in 3.5 wt.% NaCl
solution at room temperature. The results are shown in Figure 6. The uncoated API 5L
X80 steel substrate was also tested for comparison purposes. The corrosion potential (Ecorr)
and corrosion current densities (icorr) Were determined from these curves by means of the
Tafel extrapolation method. The results are displayed in Table 3, along with the protection
efficiency (P%) of the different coatings, as calculated from Equation (2).

0
Leorr

P% — (1 - l””) % 100 )

where i* .. and i® . are the corrosion current densities of the coated and uncoated sub-

corr corr
strate, respectively.
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Figure 5. Nyquist plots of the Ni-P and Ni-P/MWOCNT coatings after 1 h of immersion in 3.5 wt.%

NaCl solution at room temperature.
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Figure 6. Potentiodynamic polarization curves of the Ni-P and Ni-P/MWCNT coatings after 1 h of

immersion in 3.5 wt.% NaCl solution at room temperature.

Table 3. Corrosion parameters of the uncoated substrate, Ni-P and Ni-P/MWCNT coatings.

Coating Ecorr (mVAg/AgCl) icorr (MA.cm—2) p(%)
Uncoated —778 20.3 —

Ni-P —540 417 79.5
CNT-0.25 —394 3.28 83.8
CNT-0.5 —388 2.38 88.3

CNT-1.0 —413 2.01 90.1
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The corrosion potential (Ecorr) of the conventional Ni-P coating was shifted to the
nobler direction with respect to the uncoated substrate. This trend was also observed
for the composite Ni-P/MWCNT films. Notwithstanding, there is no clear tendency of
increasing Ecorr with the MWCNT loading. The electrochemical stability of the electrode
surface is associated with Ecorr, which increases as this parameter is shifted towards more
anodic values [47]. The intrinsic low reactivity of carbon nanotubes [48] is likely to be
responsible for the nobler Eor values, compared with the uncoated substrate and the
conventional Ni-P film.

All coatings markedly decreased the corrosion current density of the API 5L X80 steel
substrate. The reduced icorr scaled with the carbon nanotube was loaded in the plating bath.
The protection efficiency of each coating is also presented in Table 3, showing the higher
protectivity of the CNT-1.0 condition. Moreover, the anodic currents are lower for the
composite Ni-P/MWCNT films when compared to the conventional Ni-P layer. It is also
noteworthy that the polarization curves of the composite films presented a well-defined
passive region that is not seen for the uncoated substrate or the Ni-P film. Both the intrinsic
chemical inertia of carbon nanotubes and the possibility of blocking small pores in the Ni-P
matrix were reported as the main causes of the increased corrosion resistance of electroless
Ni-P-CNT composite coatings [49].

3.5. Scanning Electrochemical Microscopy (SECM)

SECM 2D maps of the uncoated API5LX80 steel, Ni-P, and composite Ni-P/MWCNT
coatings are shown in Figure 7. The maps were recorded in 0.1 M NaCl at room temperature.
The tip was biased at +600 mV ag/agcy to sense the formation of Fe?* jons generated at the
sample surface. The sample was unbiased.

During the corrosion process of this type of material, the oxidation of Fe?* to Fe>*
occurs in the anodic sites, in which the Fe?* ions are originated from the material dissolution.
Thus, Fe?* ions produced from the corrosion process are available on the surface. Thereby,
when the Pt tip (polarized at +600 mVAg/AgCl) passes over the anodic sites, Fe?* ions
are oxidized to Fe**, according to Equation (1). Hence, since Fe?* production is a primary
feature of the anodic regions on the surface, the SECM maps shown in Figure 6 display
the electrochemical activity of the studied surfaces related to possible active domains of
Fe?* ions. Higher oxidation current values indicate greater electrochemical activity of
the surface.

The SECM maps show current spikes where the electrochemical activity is higher at
the probed surface. The uncoated substrate presented the highest currents over the whole
area, indicating that the electrochemical activity is more intense when compared to the
coated material. There is no preferential site for current spikes, suggesting that corrosion
does not occur by a localized attack, which is in agreement with the potentiodynamic
polarization curve shown in Figure 6 for the bare substrate.

The currents were significantly reduced for the Ni-P film, indicating the protective
character of the electrolessly deposited layer, leading to a decrease in the electrochemical
activity probed by the tip near the sample surface. The cathodic values of the measured
currents confirm the low activity for Fe?* oxidation.

Izquierdo et al. [50] reported that the cathodic currents can be due to the fact that once
the concentration of Fe?" ions is low at the metallic surface, these species are likely to be
easily oxidized to Fe®* before diffusing to the bulk electrolyte. The cathodic current would
then be probed at regions where Fe?* ions are formed according to reaction (1). The presence
of such regions would indicate that the film, although presenting low electrochemical
activity, is prone to corrosion at its defective sites. It is possible to see in the SECM map
shown in Figure 7B that the current values vary throughout the surface, suggesting that it
is not homogeneous with respect to the sites where Fe?* oxidation occurs.
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Figure 7. SECM 2D maps obtained with the tip biased at +600 mVag/a¢c1 and the sample at the open circuit potential:
(A) uncoated substrate; (B) Ni-P layer; (C) CNT-0.25; (D) CNT-0.50; (E) CNT-1.0. Electrolyte: 0.1 M NaCl solution at
room temperature.
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The probed anodic currents are low on the surface of the CNT-0.25 sample (Figure 7C)
when compared to the uncoated substrate, revealing the beneficial effect of carbon nan-
otubes in reducing the electrochemical activity of the metallic substrate. The current values
are homogeneous over the probed area. The CNT-0.50 film, in turn, presented several
current fluctuations on the SECM map and values that are slightly cathodic (Figure 7D).
These low cathodic currents are likely due to the absence of the electroactive probed species
(Fe?* ions), indicating the lower activity of the CNT-0.50 film when compared with the
CNT-0.25 film. This result agrees well with the global electrochemical behavior described
in the previous section.

The currents are predominantly anodic over the surface of the CNT-1.0 sample, as
shown in Figure 7E. The maximum currents are low over most part of the probed area, as
indicated by the blue color scale at the right part of the SECM map. Hence, the increment of
CNT loading in the coating layer has led to a decrease in the electrochemical activity. This is
unequivocally perceived by comparing CNT-1.0 and CNT-0.25 samples. Notwithstanding,
the difference is not so obvious when CNT-1.0 and CNT-0.50 samples are compared,
since their SECM maps indicate low electrochemical activity in both cases. This result
is also in agreement with the evaluation of the global electrochemical behavior the by
potentiodynamic polarization curves (Figure 6 and Table 3). SECM proved to be sensitive
to the electrochemical activity of the composite Ni-P-CNT films. Our results suggest that
CNT-0.50 would give a suitable performance with respect to the adhesion and corrosion
properties of the composite films. CNT-1.0 gave the best overall performance.

4. Discussion

From the previous sections it was possible to observe that MWCNT incorporation
decreased the anodic dissolution rate of the Ni-P layer, leading to a significant reduction
in the electrochemical activity, as shown in the SECM maps displayed in Figure 7. As
mentioned in Section 3.4, literature reports ascribe the beneficial effect of carbon nanotubes
on reducing the corrosion rate of Ni-P-coated substrates to its blocking effect with respect
to intrinsic coating defects [47]. Alishahi et al. [28] reported a reduction of approximately
55% in the corrosion current density of a Ni-P/MWCNT composite film, with respect to a
conventional Ni-P layer in 3.5 wt.% NaCl solution. Our results point to an even higher
protection efficiency of the Ni-P/MWCNT layer. Based on these results, the proposed
corrosion mechanism of the Ni-P/MWCNT coated samples is schematically illustrated in
Figure 8.

Figure 8A shows the corrosion mechanism of the conventional Ni-P binary coating
where anodic dissolution of the steel substrate occurs through intrinsic coating defects such
as pores as cracks, releasing Fe?" ions to the electrolyte. In fact, the high electrochemical
activity of this sample was observed in the SECM map displayed in Figure 7B, supporting
the occurrence of this mechanism. A different scenario was established after MWCNT
incorporation in the Ni-P matrix. The electrochemical activity was gradually reduced, as
described in Section 3.5, slowing down the anodic dissolution rate of the steel substrate.
As a consequence of the blocking effect of the MWCNT particles, the release of Fe?* ions
was gradually reduced. This situation is illustrated in Figure 8B for the CNT-0.25 sample.
As the MWCNT loading in the composite film increased, the amount of Fe?" ions released
to the solution was further reduced. The progressively lower electrochemical activity of
the CNT-0.50 (Figure 7D) and CNT-1.0 (Figure 7E) films would be a consequence of this
effect, as illustrated in Figure 8C,D, respectively.
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Figure 8. Schematic illustration of the corrosion mechanism of the Ni-P and Ni-P/MWCNT coatings: (A) Ni-P layer;
(B) CNT-0.25; (C) CNT-0.50; (D) CNT-1.0.

5. Conclusions

Composite Ni-P/MWCNT films were successfully obtained by electroless deposition
on the API 5L X80 substrate. MWCNT loading in the plating bath did not affect the thick-
ness of the deposited layer, but reduced the size of the nodules on the coating, compared
to the conventional binary Ni-P film. Adhesion strength was improved by adding the
CNTs. The corrosion resistance of the composite films was increased due to the intrinsic
low reactivity of the carbon nanotubes. This aspect was also evidenced by SECM analysis
in the surface generation/tip collection mode (SG/TC). The SECM maps of the composite
films with higher MWCNT loadings revealed low electrochemical activity for the Fe?*
oxidation reaction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/met11060982/s1, Figure S1: EDS mapping of the cross-section for the CNT-0.50 film: (A) SEM
micrograph; (B) Ni; (C) P; (D) Fe.; Figure S2: EDS mapping of the cross-section for the CNT-1.0 film:
(A) SEM micrograph; (B) Ni; (C) P; (D) Fe.
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