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In this study, a Ni–P–WCnanocomposite coating was prepared by electroless depositionmethods, modifying the
typical Ni–P coating through the addition of WC nano-particles. The morphology, structure, microhardness and
corrosion resistance of the Ni–P–WC coating and conventional Ni–P coating were analyzed by using the optical
stereoscopicmicroscopy (OSM), scanning electronmicroscopy (SEM), atomic forcemicroscopy (AFM), X-ray dif-
fraction (XRD), anodic polarization curve and electrochemical impedance spectroscopy (EIS). It was observed
thatWC nano-particles and Ni–P deposited homogeneously on the Ni–Pmatrix, electroless deposited composite
coatings exhibit an amorphous structure of the nickel matrix in which crystalline tungsten carbide is incorporat-
ed. Themicrohardness of the coating increased due to the existence of the nano-particles, and itwill be improved
after heat treatment. According to the results of corrosion testing in the 3.5 wt.% sodium chloride solution, the
electroless Ni–P–WC coatings showed significantly improved corrosion resistance due to its special structure,
compared to a conventional Ni–P electroless coating, even after 40 days immersion, it also exhibited good
corrosion resistance ability.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Carbon steel is the most widely used engineering material and can
be used in marine applications, nuclear, chemical processing, and
construction equipment. It also has extensive usage in oil industry,
e.g., L80 carbon steel is the most common material used as tubing in
oil wells. However, due to its relatively limited corrosion resistance
L80 is susceptible to corrosion in the service environment. Therefore,
many surface treatment methods are applied to improve its corrosion
resistance and extend its service life [1–5]. Among various surface tech-
niques, electroless deposition of nickel–phosphorous (Ni–P) is an auto-
catalytic reduction on metals and alloys, and is considered as an
effective method to modify the physical and chemical properties of
the substrates. Moreover, the Ni–P coating shows excellent corrosion,
wear and abrasion resistances [6,7]. It is also known that this technique
will form a controllable and uniform deposit on substrate when
compared with electroplating, even on parts with complicated shapes.

Themicrostructure and properties of electrolessNi–P coatingsmain-
ly depend on the phosphorus content in the deposit. Low phosphorus
coatings possess a mixture of amorphous and microcrystalline micro-
structure with relatively high mechanical strength. High phosphorus
coatings exhibit intrinsically high corrosion resistance due to its
homogeneous amorphous microstructure [8,9]. To meet certain de-
mands, the properties of these coatings can be further tailored by
adding composite coatings involving one or more metallic elements
such as Cu, Mo, W, Sn, Fe, Re, among others, [10–14] in the Ni–P matrix
to form the three-component composite coatings. For example, Zangari
et al. [15] investigated the corrosion resistance of the Ni–P based alloy
coatings and showed that the addition of W to Ni–P alloys can improve
their corrosion resistance,while addition ofMohas little or nobeneficial
effects on corrosion properties.

Some oxide particles such as TiO2, ZrO2, Al2O3 and SiC can be used to
formparticle reinforced compositeNi–P coatings, improving the coating
properties [16–20]. The duplex Ni–P–ZrO2/Ni–P coating deposited by
Gao et al. was electroless [9], and it was found that the duplex coatings
have very good corrosion resistance compared with the single Ni–P
coating, these also show hydrophobic properties. Araghi et al. [21]
prepared for the Ni–W–P/B4C nano-composite coating and studied its
microstructure, crystallite size, morphology, microhardness and corro-
sion resistance.

TheWC is a type of hard particlewith superior physical and chemical
properties, it can be used in many field, while the incorporation of WC
nano-particles was reported to improve erosion resistance, thermal
conductivity andmechanical properties [22]. However, in the published
paper [23,24], themechanical properties of this type of coatingwas fully
discussed, limited reports are available in its corrosion behavior and
corrosion mechanism. Therefore, this paper reports on the fabrication,
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properties and performance of the electroless Ni–P and Ni–P matrix
composite with WC nano-particles on L80 carbon steel substrate. The
properties of the coatings were analyzed using X-ray diffraction
(XRD), scanning electron microscopy (SEM) with electron dispersive
X-ray (EDX) analysis, atomic force microscopy (AFM) and microhard-
ness measurements. Moreover, corrosion behavior and corrosion
mechanism were studied by anodic polarization and electrochemical
impedance spectra (EIS).

2. Experimental procedures

2.1. Sample and solution preparation

The substrate for preparation of electroless Ni–P–WC coating was
L80 carbon steel, the normal chemical composition (wt.%) is C 0.32,
Mn 0.80, Ni 0.016, Cu 0.12, Si 0.25, P 0.006, S 0.028, Fe balance. The sam-
ples were cut into 10mm× 10mmwith the thickness of 5mm. Prior to
applying the coatings, the steel substrates were pickled in dilute hydro-
chloric acid (20 wt.%), then rinsed with deionized water. The surface of
each sample was ground sequentially to 2000 grit SiC paper, polished
with 0.25 μm and 0.1 μm alumina polishing powder, degreased with
alcohol in ultrasonic bath for 15 min and rinsed in distilled water. The
surface was then cleaned using an alkaline solution containing sodium
carbonate and sodium hydroxide for 20 min at 60 °C. In order to
chemically activate the surface, it was pre-treated by dipping into
10 wt.% hydrochloric acid solution under stirring condition for
40–70 s, resulting in the removal of residual surface oxides and mild
etching of the surface, improving adhesion between the working sur-
face and electroless solution and making deposit nucleation easier.
The composition of electroless plating bath and plating conditions are
given in Table 1. Appropriate surfactant sodium dodecyl sulfate (SDS)
and saccharin were added to the plating solution to produce a smooth
surface and reduce the deposit porosity [25]. All reagents are of analytic
grade. Prior to the deposition, a Ni–P coating was first deposited on L80
substrate for 30 min in the electroless plating bath depicted in the
Table 1, and then in the second stage, the WC nanoparticles were
added into the bath continuously deposited for 120 min. Because WC
nanoparticles have a high energy surface structure, nanoparticles are
easily agglomerated in the plating solution, which directly affects ho-
mogeneous quality and weakens themechanical properties of coatings.
To obtain high quality Ni–P–WC composite coating, it is necessary to
make the WC particles evenly distributed within the coating. So a
small amount of distilled water and SDS is added to the pretreated
WC and then subject to ultrasonic dispersion for 30 min, a magnetic
motor stirrer is used to stir the electroless plating during the whole
plating with the rate of 200 rpm. The power of ultrasonic (maximum
power 300 W) is chosen 100 W, the frequency range is 30–35 kHz,
and the ultrasonic intensity is 15 W/cm2.

2.2. Characterization of coating

The crystal structure of the coatings was characterized by XRD with
Cu Kα radiation. Diffraction patternswere recorded in the 2θ range from
20° to 80° at a scanning step of 0.02°. The surface morphology of the
composite coating was evaluated by means of optical stereoscopic
Table 1
Bath composition and electroless plating parameters for Ni–P coating.

Bath constituent Quality Plating conditions

NiSO4·6H2O 25 g L−1 pH: 5.5–6.0
NaH2PO2·H2O 30 g L−1 Agitation: 200 rpm
Lactic acid 20 ml L−1 Temperature: 85 ± 1 °C
Citric acid 18–20 g L−1 Total time: ~120 min
Succinic acid 12–15 g L−1

WC nanoparticles ~3 g L−1

Pb2+ 1 mg L−1
microscopy (OSM) (KEYENCE VHX2000) and SEM. The microhardness
of the coatings was measured with a Vickers microhardness indenter
with a load of 100 g for 10 s, the hardness results were obtained from
the average of 5 measurements.

The electrochemical and corrosion responses of the coating in the
3.5 wt.% NaCl solution were evaluated by using the Solartron system-
potentiostat (model 1287A)/frequency response analyzer (model
1260A) in a conventional three-electrode cell with a platinum counter
electrode and a saturated calomel electrode (SCE) reference electrode.
Prior tomeasurements, the samples were subjected to open circuit con-
ditions for 60min until a steady-state potential was reached. The stable
potential value obtained was considered the open-circuit potential
(OCP). The EIS measurements started after the OCP was stable, the fre-
quency was swept from 100 kHz down to 10 mHz, with the applied AC
amplitude of 10 mV. The impedance data were analyzed on the basis of
equivalent electrical circuit using the Zsimpwin software. The polariza-
tion curves were measured potentiodynamically using a scan rate of
0.5 mV s−1, starting from −0.5 V vs. OCP to transpassive potential.
Each experimentwas repeated several times under the same conditions
to ensure the reproducibility, and keep themaximumerrormargins less
than 4%.

3. Results and discussion

3.1. Phase structure of coating

Fig. 1 shows the XRD patterns of the carbon steel substrate,
Ni–P coating and Ni–P–WC coating. Comparing Fig. 1(a), (b) and
(c) showed that after electroless plating, the substrate surface was
fully covered by the coatings. The XRD pattern of the deposited Ni–P
coating showed a broad diffraction peak at 40–50 °C, indicating that
the deposited Ni–P coating matrix was amorphous. This could be due
to the lattice disorder caused by phosphorous atoms in coating struc-
ture. The broad peak corresponding to the amorphous state of Ni–P–
WC nano-coating could also be observed, although its relative intensity
was lower due to the existence of WC nanoparticle phase. In addition,
WC nanoparticle peaks could be detected fromXRD of coatings, indicat-
ing that WC nanoparticles had been embedded in Ni–P matrix.

3.2. Surface morphologies of coatings

Fig. 2 shows the surface morphology of plated electroless Ni–P coat-
ing by the OSM and SEM. As shown in Fig. 2(a), the surface is smooth
with the spherical nodular microstructure. The higher magnification
image of Fig. 2(b) shows the smoothly deposited surface more clearly,
with good uniform appearance across the entire coated surface and
the typical spherical nodular structure of electroless nickel phosphorus.
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Fig. 1. XRD patterns of (a) L80 substrate, (b) Ni–P, and (c) Ni–P–WC coatings.



Fig. 2. Surface morphology of electroless Ni–P using (a) OSM and (b) SEM.
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The surface morphology of the as-prepared Ni–P–WC coating is
shown in Fig. 3. Compared with the morphology of Ni–P coating in
Fig. 2(a), it can be seen that the surface of Ni–P–WC coating is rougher
than the Ni–P coating, but the particle distribution is uniform. The WC
nanoparticles assembled to form the agglomerates in the submicron
range and were embedded in the Ni–P matrix through a co-deposition
process, as shown in Fig. 3(b) and (c). The arrows in Fig. 3(b) indicate
the nano-WC particles. The EDX of WC nanoparticles displayed in
Fig. 3(c) is also shown in Fig. 3(d). It should be noted that the complete
dispersion of WC particles in the bath solution was difficult to achieve,
even with the use of mechanical stirring, which effected the dispersion
of the material in the coating.

Fig. 4 shows the cross-section images and EDX analysis of the
Ni–P/WC composite coating. The cross-section coating has a total thick-
ness of ~22 μm, the thickness of the Ni–P layer is ~7 μm and the outer
layer is ~15 μm, the deposited rate of acidic bath solution is about
11 μm/h, and it is in accordance with the report [25]. The EDS analysis
showed the relatively homogeneous distributions of WC in the Ni–P
Fig. 3. Surface morphology of electroless Ni–P/WC composite coatings: (a) O
matrix. The weight percentage of the WC nanoparticles in the compos-
ite coatings is about 2%, this is nearly the samewith the literature [24]. It
is evident that the former Ni–P coating is uniform and the compatibility
between the Ni–P and Ni–P–WC layers is good. Meanwhile, the clear
boundary can be seen between the substrate, Ni–P and Ni–P–WC
layer. And the coating exhibits a good adhesion to the substrate as no
defects or cracks could be observed at the interfaces.

Fig. 5 exhibits the surface morphology of the Ni–P coating and
Ni–P–WC coating investigated by AFM with the scan area of 5 × 5 μm2.
As can be seen in Fig. 5(a), the as-deposited coating showed that the
nodule-like morphology, the randomly distributed nodules with differ-
ent diameters was detected over the coating surface. It was believed
that the heavily wavy nodulated surface structure of the electroless
coatingwas attributed to the nature of electroless plating and fast depo-
sition rate as compared to the sputtering process. However, as shown in
Fig. 5(b), it is obviously shown that the surface of the Ni–P coating is
covered with the nano-WC particles, and the WC nanoparticles are
dispersed in the deposited layer.
SM, (b) SEM, (c) higher magnified SEM image and (d) EDX spectrum.
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Fig. 4. Cross-section images of Ni–P–WC coating and EDX analysis.
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3.3. Microhardness

Hardness is an important property of coating because it offers re-
sistance to indentation or scratch. Hardness values represent a com-
parative measure of a material's resistance to plastic deformation
from a standard source, as different hardness techniques have differ-
ent scales. The Vickers hardness (HV) test is a commonly used test
due to its wide load range capability. The Vickers hardness is calcu-
lated as follows:

HV ¼ 1:8544F

d2
ð1Þ
(a)

Fig. 5. AFM images of (a) electroless Ni–P and (b) e
where load (F) is in kilogram force and the mean of two diagonals
created by the pyramidal indent (d) is in millimeter.

Fig. 6 shows the mircohardness of the L80 substrate, Ni–P and
Ni–P–WC coating, as for comparison, their microhardness are tested
after heat treatment at 400 °C for 1 h in the nitrogen atmosphere
conditions. It can be seen that the microhardness of L80 carbon steel
substrate is about 250 HV100. After depositing the Ni–P coating, the mi-
crohardnesswas increased to 350 HV100, and after adding the nano-WC
particles into the coating, the microhardness was further improved to
reach 500 HV100.

After heat treatment at 400 °C, the microhardness of Ni–P–WC
coating even exceeds 1100 HV100. The WC particles are a type of hard
material, when a fine precipitate is formed in a solid solution, an
(b)

lectroless Ni–P–WC coating as-deposited state.
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Fig. 8. Potentiodynamic polarization curves of substrate, Ni–P and Ni–P–WC coatings in
the 3.5 wt.% NaCl solution.
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additional barrier to the movement of dislocation is created. There are
vertically two ways for a dislocation to propagate when it meets a pre-
cipitated particle, (i) to cut through the particle or (ii) to take a path
around it [26]. It is generally believed that the first mechanism prevails
when the particles are coherent to the matrix, whereas the second one
is characteristic for coarser precipitateswhich are incoherent to thema-
trix. So the dislocation in the matrix bends around the embedded sur-
face of WC nanoparticles, the increase in hardness is the result of the
existence of hard WC particles as a barrier to plastic deformation of
Ni–P matrix under the load, which obstructs the shift of dislocation in
Ni–P alloys. While, the amorphous Ni–P matrix can be consumed to
form the crystallites of Ni3P and Ni at the temperature of 400 °C, the
Ni3P is formed in the ductile nickelmatrix as a hard phase andmarkedly
increases the microhardness of Ni–P–WC composite coatings. This
phenomenon agrees with that in several reports [27,28].

3.4. Corrosion characteristics of coating

The OCPs of the steel substrate, Ni–P coating and Ni–P–WC coating
in 3.5 wt.% NaCl solution at room temperature are shown in Fig. 7. It
can be seen that OCPs shifted quickly to negative direction, indicating
the higher tendency for corrosion to take place. The OCPs shifted grad-
ually to more positive direction with the Ni–P coating, compared with
the carbon steel substrate. The OCP values during the test time of
3600 s are in the following orders: substrate (−0.6 V vs. SCE) b Ni–P
coating (−0.4 V vs. SCE) b Ni–P–WC coating (−0.32 V vs. SCE). The
results indicate that the incorporation of WC nanoparticles into the
Ni–P matrix shifted OCP towards more positive direction and the
electrochemical stability of the Ni–P–WC nano-composite coating is
much better than the Ni–P coating in the 3.5 wt.% NaCl solution.

The corrosion resistance of the coated specimens was studied by
electrochemical methods. Fig. 8 shows the potentiodynamic polariza-
tion curves of the substrate without and with coatings in the 3.5 wt.%
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Fig. 7. OCPs of substrate, Ni–P and Ni–P–WC coating in the 3.5 wt.% NaCl solution.
NaCl solution. It is obviously shown that the cathode reaction in the
polarization curves corresponds to the evolution of the oxygen, while
the anodic part is the most important feature related to the corrosion
resistance. As the potential increased in the positive direction, the cur-
rent density of L80 started to increase quickly. As pointed out by other
investigators [29], nickel can be preferentially dissolved from the Ni–P
coating at a certain potential, leading to the enrichment of phosphorus
on the surface layer. There are fewer defects in Ni–P coating such as
grain boundaries, dislocations, stacking faults and segregation. Phos-
phorus canmake the corrosion potential increase and the corrosion cur-
rent decrease, and it promotes the anodic and cathodic reactions during
the corrosion process, thereby increasing the anodic dissolution of nick-
el. This surface enriched with phosphorus then reacts with water to
form a layer of adsorbed hypophosphite anions. The surface layer will
block the supply of water to the electrode surface, thereby preventing
the hydration of nickel.

The schematics of the coating cross-section are demonstrated in
Fig. 9. The normal carbon steel substrate without any coating, as
shown in Fig. 9(a), will suffer from corrosion easier. In Fig. 9(b) the
cross section of Ni–P coating can form the long and straight boundaries
due to the cauliflower-like deposited grains and action of gravity, it is
the appropriate path for corrosion proceeding, and the corrosion pro-
ceeding will not stop after breaking the passive layer at these bound-
aries. As for the Ni–P–WC coating in Fig. 9(c), it formed the net
structure, the co-deposited nanoparticles act as barriers in growth of
corrosion paths and stopped the columnar growth, the corrosion path
are not easier to reach to substrate [30]. On the other side, the WC
particles can form a barrier by filling up the very small pores existing
in the metal matrix surface, which makes the film more compact and
minimizes the solution metal interaction. This structure may lead to
remarkable improvement in corrosion resistance of the composite
coating, which is in agreement with previous work [22].

The corrosion potential (Ecorr), and corrosion current density ( jcorr)
of the substrate and coated specimens were determined by extrapolat-
ing the linear sections of the anodic and cathodic Tafel lines. In addition,
according to Eq. (2) below, the jcorr values were used to calculate the
corrosion inhibition efficiency (IE %) of coatings.

IE %ð Þ ¼ 1−
jcorr ið Þ
jcorr 0ð Þ

 !
� 100% ð2Þ

where the jcorr(0) and jcorr(i) are the corrosion current densities for the
carbon steel substrate and the coated specimen, respectively. The Ecorr,
jcorr, IE % of the substrate and coated specimens obtained from polariza-
tion curves are summarized in Table 2.
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As shown in Table 2, the corrosion potentials of Ni–P and Ni–P–WC
coatings in the NaCl solution showed a significantly positive shift
to −0.419 V and −0.335 V vs. SCE, respectively, compared with that
of the carbon steel substrate. As for the corrosion current density,
the jcorr decreased evidently from 8.0 × 10−6 A·cm−2 for the substrate
to 1.0 × 10−6 A·cm−2 for the electroless Ni–P–WC coating, while the
corrosion inhibition efficiency of Ni–P–WC coating reached 87.5% with
the incorporation of P and WC in the matrix, higher than that of Ni–P
coating without WC. The results from the polarization curves indicate
that the Ni–P–WC coating exhibited higher corrosion resistance than
those of the Ni–P coating or the substrate.

It is well known that the EIS is a powerful electrochemical
technique for characterizing both the corrosion behavior of the
electrode/electrolyte interface [31,32], and corrosion resistance of
coatings [33–36].

Fig. 10 presents the EIS spectra of Nyquist plots obtained at OCP for
the substrate and coated specimens immersed in 3.5 wt.% NaCl
solutions. As shown in Fig. 10, the Nyquist plots for all three specimens
Table 2
Corrosion characteristics of substrate and coated specimen in 3.5 wt.% NaCl solution.

Samples Ecorr (V vs. SCE) jcorr (A cm−2) IE(%)

Substrate −0.645 8.0 × 10−6 0
Ni–P coating −0.419 4.0 × 10−6 50
Ni–P–WC coating −0.355 1.0 × 10−6 87.5

Fig. 10. Nyquist plots for substrate, Ni–P and Ni–P–WC coatings in the 3.5 wt.% NaCl
solution.
display similar shapes of a single semi-ellipse in the investigated
frequency regions, indicating that the same fundamental process
occurred on the surfaces, but with different scales. In the impedance
measurement, the axial radius of the semi-elliptic arc was related to
the polarization resistance of the surface. The radii of the capacitive
arcs obtained for the Ni–P and Ni–P–WC coatings were larger than
that of the substrate, implying the higherfilm resistance in the corrosive
medium. For Ni–P–WC coating, its largest overall impedance value is
evidence of the enhancement of the corrosion resistance.
Fig. 11. Bode plots for substrate, Ni–P and Ni–P–WC coating in the 3.5 wt.% NaCl solution.

Fig. 12. Equivalent electrical circuits of (a) substrate, (b) Ni–P and Ni–P–WC coatings in
3.5 wt.% NaCl solution.



Table 3
Equivalent circuit parameters for impedance spectra in the solutions.

Specimen Rs
(Ω cm2)

CPE1
(Ω−1 cm−2 s−n)

R1
(Ω cm2)

CPE2
(Ω−1 cm−2 s−n)

Rct
(Ω cm2)

Substrate 7.311 – – 1.846 × 10−3 2.17 × 103

Ni–P coating 7.286 4.353 × 10−5 3047 8.413 × 10−4 9.35 × 103

Ni–P–WC coating 9.302 2.416 × 10−5 8765 4.071 × 10−4 1.73 × 104
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Fig. 13. Rp for substrate and Ni–P–WC coating in the 3.5 wt.% NaCl solution with the
different immersion times.
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The Bode plots are shown in Fig. 11. The value of |Z| for Ni–P and
Ni–P–WC at a fixed frequency of 0.01 Hz, which usually corresponds to
the polarization resistance of the alloy ismuch larger than the substrate.
This can be confirmed that the corrosion resistance of substrate in the
NaCl solution is lower than that of Ni–P and Ni–P–WC coatings.
(a) 

(c) 

Fig. 14. The surface morphology of the L80 substrate ((a) and (c)) and coated samples ((b)
(c), (b) 40 days.
Different models have been proposed for interpreting impedance
spectra on Ni–P related coatings [37,38]. The equivalent circuits
depicted in Fig. 12(a) and (b) show the best fitting results of the
substrate and Ni–P coating. In Fig. 12(a), the equivalent circuit consists
of the solution resistance (Rs), a charge transfer resistance (Rct), and a
constant phase element (CPE). The CPE is used for the description of a
frequency independent phase shift between alternating potential and
its current response. In Fig. 10(b), the high frequency time constant
(R1 · CPE1) was assigned to the areas covered with the coating and it
is represented by the coating admittance (CPE1) and the coating resis-
tance (R1). The low frequency time constant (Rct · CPE2) corresponds
to the charge transfer resistance (Rct) and the admittance associated
with the double layer capacitance (CPE2).

Table 3 lists the best fitting parameters based on the equivalent cir-
cuits in Fig. 10. As shown in the table, all the parameters variedwith the
same tendency. TheRp (Rct+ R1) of Ni–P coatingwas higher than that of
the substrate (Rct), and the sample surface coated with the Ni–P–WC
showed the highest Rp and lowest CPE2, indicating its highest corrosion
resistance in the NaCl solution.

According to the immersion experiment, the corrosion resistance of
Ni–P–WC coating became weak and the coating gradually deteriorated
under the destructive actions of the chloride ions. When the coating
was immersed in the NaCl solution, the chloride ions preferentially
absorbed onto special sites, such as the lattice defects and surface
(b) 

(d) 

and (d)) in the 3.5 wt.% NaCl solution after different immersion times (a), (b) 2 days,
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inclusion regions. The coating was then corroded to form the soluble
NiCl2, over time, more and more nickel was dissolved. This behavior is
similar to previous results reported [39]. Fig. 13 shows that the Rp of
the substrate changed significantly over the course of the immersion
test while the Rp of the coated sample changed considerably less. After
40 days of immersion, the Rp of the substrate was very small while the
Rp of the coated specimen remained closer to its original value. These re-
sults indicate that the Ni–P–WC coating improves corrosion resistance
significantly over the 40 day time scale.

Fig. 14(a) and (b) shows the surface morphology of the L80 sub-
strate and Ni–P–WC coating samples in the 3.5 wt.% solution after for
2 days. Fig. 14(c) and (d) shows the morphology of the two samples
in the same solution after for 40 days, respectively. Comparing the pic-
tures, it can be seen that there is no pitting corrosion on the surface of
coating. After 2 days immersion, the L80 carbon steel substrate suffered
from significant corrosion, many corroded areas are visible on the sur-
face, with some areas appearing as superficial holes. Moreover, when
the immersion time prolongs to 40 days, corroded places enlarged and
big, deeper corrosion holes are also observed, as is shown in Fig. 14(c).
However, there was no pitting corrosion on the Ni–P–WC coating
surface throughout the whole full experimental period (i.e., 40 days),
as can be seen in Fig. 14(d).

4. Conclusions

The morphology, structure and corrosion resistance of the Ni–P–WC
coating in comparison with conventional Ni–P coating were analyzed
using theOSM, SEM, XRD, AFM, polarization and EIS. The results showed
that Ni–P–WC nanoparticle coating can be prepared by immersion in
electroless plating baths. Both Ni–P and Ni–P–WC composite coatings
are amorphous as-deposited. The WC nano-particles are dispersed in
the Ni–P matrix and do not change the structure of the Ni–P alloy. The
addition ofWCnanoparticles and heat treatment significantly improves
the microhardness of the composite coating as well. The electrochemi-
cal and corrosion experiments prove that the addition ofWCnanoparti-
cles also significantly improves the coating's corrosion resistance in the
NaCl solution.

Acknowledgment

The authors would like to express our appreciation to RGL Reservoir
Management Inc (RGL) for its financial support to the research work.
This work reported was a part of the collaboration program between
RGL and the University of Alberta. All the research activities were
carried out at the university; and RGL has granted the permission to
publish this work in academic media.

References

[1] M.B. González, S.B. Saidman, Corros. Sci. 53 (2011) 276–282.
[2] D. Prasai, J.C. Tuberquia, R.R. Harl, G.K. Jennings, K.I. Bolotin, ACS Nano 6 (2012)

1102–1108.
[3] X.L. Chen, X.Q. Cao, B.L. Zou, J. Gong, C. Sun, Corros. Sci. 91 (2015) 2185–2194.
[4] Y. Gan, W.X. Wang, Z.S. Guan, Z.Q. Cui, Opt. Laser Technol. 69 (2015) 17–22.
[5] S.B. Abusuilik, K. Inoue, Surf. Coat. Technol. 237 (2013) 421–428.
[6] W. Riedel, Electroless Plating, ASM International, Ohio, 1991.
[7] S.S. Zhang, K.J. Han, L. Cheng, Surf. Coat. Technol. 202 (2008) 2807–2812.
[8] C.D. Gu, J.S. Lian, G.Y. Li, L.Y. Niu, Z.H. Jiang, Surf. Coat. Technol. 197 (2005) 61–67.
[9] Y.X. Wang, X. Shu, S.H. Wei, C.M. Liu, W. Gao, R.A. Shakoor, R. Kahraman, J. Alloys

Compd. 630 (2015) 189–194.
[10] M. Novak, D. Vojtech, T. Vitu, Mater. Charact. 61 (2010) 668–673.
[11] F.C. Walsh, C. Ponce de Leon, Trans. IMF 92 (2014) 83–97.
[12] J.N. Balaraju, Kalavati, K.S. Rajam, Surf. Coat. Technol. 200 (2006) 3933–3941.
[13] V.E. Selvi, P. Chatterji, S. Subramanian, J.N. Balaraju, Surf. Coat. Technol. 240 (2014)

103–109.
[14] C.T.J. Low, R.G.A. Wills, F.C. Walsh, Surf. Coat. Technol. 201 (2006) 371–383.
[15] G.J. Lu, G. Zangari, Electrochim. Acta 47 (2002) 2969–2979.
[16] S. Karthikeyan, B. Ramamoorthy, Appl. Surf. Sci. 307 (2014) 654–660.
[17] F. Bigdeli, S.R. Allahkaram, Mater. Des. 30 (2009) 4450–4453.
[18] H. Xu, Z. Yang, M.K. Li, Y.L. Shi, Y. Huang, H.L. Li, Surf. Coat. Technol. 191 (2005)

161–165.
[19] S. Ranganatha, T.V. Venkatesha, K. Vathsala, Mater. Res. Bull. 47 (2012) 635–645.
[20] S. Sadreddini, A. Afshar, Appl. Surf. Sci. 303 (2014) 125–130.
[21] A. Araghi, M.H. Paydar, Vacuum 89 (2013) 67–70.
[22] Y.Y. Liu, J. Yu, H. Huang, B.H. Xu, X.L. Liu, Y. Gao, X.L. Dong, Surf. Coat. Technol. 201

(2007) 7246–7251.
[23] Z.A. Hamid, S.A.E. Badry, A.A. Aal, Surf. Coat. Technol. 201 (2007) 5948–5953.
[24] C.M. Zhao, Y.W. Yao, J. Mater. Eng. Perform. 23 (2014) 193–197.
[25] F.C. Walsh, C. Ponce de León, C. Kerr, S. Court, B.D. Barker, Surf. Coat. Technol. 202

(2008) 5092–5102.
[26] J. Novakovic, P. Vassiliou, Electrochim. Acta 54 (2009) 2499–2503.
[27] L. Zhang, Y. Jin, B. Peng, Y.F. Zhang, X.J. Wang, Q.S. Yang, J. Yu, Appl. Surf. Sci. 255

(2008) 1686–1691.
[28] R.D. Xu, J.L. Wang, L.F. He, Z.C. Guo, Surf. Coat. Technol. 202 (2008) 1574–1579.
[29] S. Ranganatha, T.V. Venkatesha, K. Vathsala, Appl. Surf. Sci. 256 (2010) 7377–7383.
[30] H.A. Sorkhabi, M. Eshaghi, Corros. Sci. 77 (2013) 185–193.
[31] H. Luo, S.J. Gao, C.F. Dong, X.G. Li, Electrochim. Acta 135 (2014) 412–419.
[32] H. Luo, C.F. Dong, X.G. Li, K. Xiao, Electrochim. Acta 64 (2012) 211–220.
[33] C.Y. Ma, F.F. Wu, Y.M. Ning, F.F. Xia, Y.F. Liu, Ceram. Int. 40 (2014) 9279–9284.
[34] I.R. Mafi, C. Dehghanian, Appl. Surf. Sci. 257 (2011) 8653–8658.
[35] S. Walkner, A.W. Hassel, Electrochim. Acta 131 (2014) 130–136.
[36] A.R. Madram, H. Pourfarzad, H.R. Zare, Electrochim. Acta 85 (2012) 263–267.
[37] J.N. Balaraju, V.E. Selvi, K.S. Rajam, Mater. Chem. Phys. 120 (2010) 546–551.
[38] M.A. Chen, N. Cheng, Y.C. Ou, J.M. Li, Surf. Coat. Technol. 232 (2013) 726–733.
[39] L.L. Wang, H.J. Chen, L. Hao, A. Lin, F.X. Gan, Mater. Corros. 62 (2011) 1003–1007.


