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Nickel-phosphorus (Ni-P) coatings with controllable P content and desirable characteristics can be produced by
tuning bath chemistry and processing conditions during the electroless process. Although pure medium- and
high-P coatings offer a good combination of mechanical and corrosion properties, their performance attributes
can be further enhanced through incorporation of silica (SiO,) nanoparticles. Using 15 and 30 g/L of sodium
hypophosphite as reducing agent in the plating bath, Ni-P coatings with respective P content of 10.8 and
14.3 wt.% were produced. While the surface roughness and grain size increased with an increase in the P content,
the average hardness value and corrosion resistance of medium-P coatings were superior to their high-P counter-
parts. The average hardness of the Ni-P- SiO, coatings based on medium-P Ni-P matrix was determined to be
~11.0 GPa. Electrochemical impedance spectroscopy (EIS) studies of these coatings indicated area-impedance
values on the order of 10% Q-cm?, whereas the double-layer capacitance per unit area (Cq;) and charge
transfer area-resistance (R) values, computed from theoretical fit of the EIS data, were in the range of
1.18 x 10~ °F-cm~2 and 3.14 x 108 Q- cm?, respectively. The findings confirmed that addition of SiO, nanopar-
ticles modifies deposit morphology through grain refinement, reduction in the surface roughness and minimiza-
tion of surface porosity in the nanocomposite coatings.
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1. Introduction

The electroless deposition process can be employed to produce pure
nickel-phosphorus (Ni-P) alloy coatings as well as nanocomposite
coatings that offer strong potential for use in structural and functional
applications [1,2]. Several factors including substrate pre-treatment,
plating bath composition, temperature, pH, agitation, heat treatment,
etc. strongly influence deposit characteristics such as growth rate,
composition, morphology and physical properties [3-9]. An essential
component of the precursor bath is the reducing agent that acts as a
continuous source of electrons for reduction of cations in the solution.
Among several choices, sodium hypophosphite (NaH,PO,) is the most
commonly used reducing agent in the plating bath. It is also a source
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of P in the resulting deposit which gets codeposited along with nickel
from the solution. Thus, the amount of reducing agent dictates P content
in the coatings, which can be categorized as (by weight percent) low-
(1-5%), medium- (6-9%) or high-P (>=10%) coatings with a maximum
amount of ~17 wt.%. Generally, medium- and high-P coatings exhibit
an excellent combination of wear and corrosion resistance [10].
Incorporation of uniformly distributed second-phase particles or
nanostructures into the electroless Ni-P coatings has strong potential
for diverse applications due to the enhancement of tribological proper-
ties and corrosion resistance via improvements in coating characteris-
tics and dispersion hardening [11]. Uniform distribution of the second
phase particles into the metallic matrix is ensured by magnetic agita-
tion, stirring, sonication and/or particle surface modification using
an appropriate surfactant to avoid flocculation, particularly in case of
nanostructures. Several studies have reported the effect of micro- and
nanometer size particle incorporation (such as Al,03, CNTs, SiC, SiO-,
TiO,, ZrO,, etc.) on the corrosion resistance and tribological behavior
of the composite coatings [12-17]. The particle incorporation into the
growing coating is accomplished through a number of steps namely,
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possible particle surface modification, particle transportation initially
through convection and subsequently by diffusion, migration across
an electrical double layer and physical embedding. Furthermore, pro-
cess parameters related to particle characteristics, bath composition,
flow environment and substrate condition strongly influence the depos-
it properties in terms of particle content, coating surface roughness and
morphology, void fraction and hardness. The development of metal
matrix composite coatings and chronological evolution of mathematical
models to correlate plating conditions with coating characteristics were
recently described by Walsh and Leon [18].

Due to a low value of Hamakar constant (1.6 in water) and the
tendency to form hydration layers that inhibit agglomeration of nano-
particles, SiO, can be used at small loading levels to produce Ni-P-
SiO, nanocomposite coatings [19]. Upon addition into the Ni-P coating
matrix, the SiO, particles are believed to hinder dislocation movement,
thus acting as a barrier to plastic deformation of the ductile matrix. The
maximum degree of SiO, incorporation into Ni-P coatings is ~25 vol.%
for 10 g/L of SiO, nanoparticles in the bath [20]. The SiO, nanoparticles
have been reported to maximize microhardness and minimize wear
rate upon heat treatment of the composite coatings [21]. Gutsev et al.
[22] have reported that addition of nanosize SiO, improves wear resis-
tance at low loads and in the case of steel counter-body. For aluminum
substrates, the effect of SiO, nanoparticle content in the Ni-P-SiO,
coatings on the corrosion resistance has been investigated [23]. A bath
loading of 7 g/L SiO, led to ~2 wt.% SiO, addition in the composite coating
with improvement in the corrosion resistance in the salt solution [24].

Although there is research literature available on the electroless
Ni-P-SiO, nanocomposite coatings, there is a lack of a systematic
study investigating the effect of SiO, addition on the corrosion resis-
tance using EIS for prolonged exposure to salt solution. In this paper,
we investigate the effect of sodium hypophosphite and relatively
small amounts of SiO, nanoparticle content in the plating bath on the
morphology and composition, hardness and corrosion properties of
the Ni-P based coatings. Unlike many studies, use of small SiO, loading
levels in the precursor bath facilitates dispersion without any need for
an appropriate surfactant, thus keeping the bath chemistry relatively
less complicated. First, Ni-P coatings with medium- and high-P content
were produced and characterized. Due to superior corrosion resistance
of the medium-P coatings, the effect of SiO, nanoparticle addition into
these coatings was assessed using EIS technique.

2. Experimental procedures

For this work, analytical grade chemicals (Sigma Aldrich, purity >
99.5%) were used as-received and without any further treatment. The
aqueous solution for electroless deposition was prepared from certain
amounts of nickel chloride (NiCl,), sodium hypophosphite (NaH,PO5),
sodium succinate (C4H4Na,0,4), and sodium chloride (NaCl) with their
respective roles as precursor chemical reagents for Ni* ions, reducing
agent, complexing agent and surface activation.

The copper coupons (99.9% purity; 2.54 x 2.54 cm? in size) were
ground with different SiC papers and then polished with 1 um diamond
paste. The samples were cleaned with isopropanol to remove any
residue from the polishing fluid and rinsed with distilled water. Imme-
diately after cleaning, substrates were immersed into the solution at 90
°C for different times in order to produce pure Ni-P or Ni-P-SiO,
coatings.

For nanocomposite coatings, a pre-coat of Ni-P coating with the
same composition was applied. An aqueous suspension of SiO, nano-
particles (Aldrich, 10-20 nm, 99.5%) was made through ultrasonic
dispersion of the nanoparticles for 30 min followed by addition to the
electroless plating bath. During pre-coat as well as nanocomposite
deposition process, the solution was magnetically stirred at 50 rpm to
ensure continuous supply of metal ions and SiO, nanoparticles initially
at the substrate surface and later at the coating growth front. It should
be noted, however, that controlling bath hydrodynamics is a challenge

when addressing scale-up issues and other more effective bath agitation
approaches must be explored. After deposition, the samples were
thoroughly rinsed with the distilled water. Table 1 lists sample identifi-
cation scheme and deposition conditions for pure and composite
coatings.

The coatings were examined for surface topography and microstruc-
ture using a field-emission scanning electron microscope (FE-SEM)
(JEOL; JSM7600F) by operating at 5 kV with 4.5 mm of working distance
for good image resolution. The energy dispersive spectrum (EDS)
analysis of the coatings was performed using Oxford Instruments
X-act detector. The atomic force microscope (Park Systems, XE-100)
was operated in the contact mode for three-dimensional surface topog-
raphy of the coatings with contact cantilever (PPP-CONTSCR). For
microhardness measurement, a nanoindentation system (Micro
Materials, NanoTest Vantage) with Berkovich indenter was used with
depth control measurements at a maximum load of 20 mN. The sample
was mounted on the stub using cyanoacrylate adhesive and the average
hardness values were computed from at least 10 indentation tests for
each sample.

The corrosion studies were performed by electrochemical imped-
ance spectroscopy (EIS) in 4 wt.% NaCl salt solution. The coating surface,
a saturated calomel electrode (SCE) and a platinum electrode were
employed in a three-electrode configuration as the working electrode,
the reference electrode and the counter electrode, respectively, through
connection with the Autolab Potentiostat (PGSTAT20 computer
controlled). The measurements were made at open circuit potential
from 10 mHz to 1 or 10 kHz with an AC wave of +5 mV (peak-to-
peak) overlaid on DC biased potential, and impedance data were
collected at ten points per decade. The corrosion data was analyzed
using NOVA 1.8 software. Samples were tested for different immersion
times and after each EIS measurement, were kept immersed into NaCl
solution with glass beakers covered with aluminum foil to avoid evapo-
ration. Also, multiple samples of the same composition were tested to
assess reproducibility of the data. Despite the main advantage of EIS
being a non-destructive testing technique that produces time-
dependent, quantitative data, it mostly provides a rapid indication of
corrosion rates, thus underlining the importance of potentiodynamic
polarization studies.

3. Results and discussion
3.1. Morphological and compositional characterization

The surface morphologies of the deposits at low and high magnifica-
tion are presented in Fig. 1. The microstructures at low magnification
reveal island growth mode of coating deposition with presence of
large, spherical granules along with fine-grain structure. For sample 1
(Fig. 1a,b), the average grain size is on the order of <1 um, while the
large, round grains are few micrometers in size. As the NaH,PO, content
in the plating bath is increased from 15 to 30 g/L, the coating surface
appears to be smoother with slightly larger grain size. From the weight
change measurements, it is found that the deposition rate increases

Table 1
Processing conditions, composition and average hardness values for pure Ni-P and
Ni-P-SiO, nanocomposite coatings.

ID Synthesis conditions Wt.  Coating comp. (Wt.%) Hardness
NaH,P0, SiO, Temp. Time (mg) (GPa)
g/L g/L °C h Ni P Si 0]
1. 15 X 90 1.5 239 892 108 x X 442 +0.70
2. 30 X 920 1.5 100 857 143 x X 3.15 + 0.26
3. 15 1 90 2.0 603 858 890 230 3.22 10.07 +£0.58
4. 15 2 90 2.0 418 855 882 242 3.19 11.0+0.96
5. 30 1 90 2.0 40.0 77.0 171 2.07 382 5.69+ 1.03
6. 30 2 90 2.0 352 770 172 239 333 6.46+0.86
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Fig. 1. Low and high magnification FE-SEM surface microstructures of pure Ni-P coatings: (a, b) sample 1 and (c, d) sample 2.
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Fig. 2. (a) High magnification view of SiO, nanoparticles and (b, c) surface microstructure of Ni-P-SiO, coating (sample 6) showing surface morphology and nanoparticle dispersion.
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upon increasing the NaH,PO, content. The EDS analysis points to an
associated increase in the P content from 10.8 to 14.3 wt.%. Table 1
lists weight gain and elemental composition (by weight percent) for
the pure and nanocomposite coatings.

During growth of nanocomposite coatings, the particles are
transported to the growth front via convective-diffusion followed by
adsorption to the coating and subsequent irreversible incorporation
due to reduction of the adsorbed Ni>* and P> ions from NiCl, and
NaH,PO,, respectively. The incorporation of SiO, nanoparticles
(Fig. 2a) in the coating (sample 6) causes the surface microstructure
to become very smooth, as shown in Fig. 2b. The added nanoparticles
are believed to inhibit growth of the Ni-P nodules thus reducing their
size to approximately 106 + 3.7 nm, as estimated from Fig. 2b, besides
a decrease in surface roughness and defect density which is in agree-
ment with an earlier report [22]. High magnification view revealed
presence of shallow black pores, indicated by white arrows in Fig. 2c,
having diameters in the sub-100 nm size regime within and at the
grain boundaries. The pores within grains are round (small arrows)
with relatively smaller size of 15 nm or above, whereas elongated/
elliptical shaped pores (pointed with thick arrows) with a few tens of
nanometer diameters are observed at the grain boundaries. From
Fig. 2c, the pore density was computed to be 0.76 um?. Some of the
SiO, nanoparticles present in the coating are also visible as white
round spots, as indicated by black arrows in Fig. 2c. The volume fraction
of SiO, within Ni-P matrix is not expected to exceed 7% and does not
exhibit a dramatic increase upon increasing the SiO, loading level in
the bath from 1 to 2 g/L [20,22]. Nevertheless, such small amounts are
sufficient to induce morphological changes in deposit characteristics.
The EDS analysis confirms incorporation of SiO, nanoparticles besides
an associated enhancement in the degree of P co-deposition to
~17 wt.% in the high-P deposits. The as-deposited coatings whether
pure or nanocomposite are microcrystalline or amorphous with no
distinct diffraction peaks (not shown).

From 20 x 20 and 1 x 1 pm area scans, the surface topographies of
the Ni-P-SiO, nanocomposite coating (sample 4) are shown in Fig. 3.
AFM results reveal the general morphological characteristics in terms
of hemispherical grains and small perturbations representative of
added nanoparticles on the nanocoating surface. Whereas fewer pores
are visible on the nanocoating surface produced from less SiO, loading
(1 g/L) in the bath, the three-dimensional microstructure confirms the
presence of elongated/inter-connected pores at the boundaries
of spherical nodules. The absence of any agglomerates from the
nanocoating microstructures confirm uniform dispersion of nanoparti-
cles in the Ni-P matrix, thus eliminating the need for a suitable surfac-
tant that otherwise makes bath chemistry more complex. From cyclic
voltammetry studies on electroless nickel coatings, the log-log relation-
ship between coating thickness and percent porosity has been reported
to be inverse linear [25]. From thickness values of the Ni-P-SiO,
nanocoatings, the porosity is anticipated to be less than 2%. From AFM
examination, the average surface roughness values (R,) are found
to decrease from 1.3 pm for the pure Ni-P coating to 45 nm for the
Ni-P-SiO, nanocoatings, underlying the important role of nanoparticles
towards modification of deposit morphology. Beside codeposition of
nanoparticles on the coating front, surface modification of the nanopar-
ticles present in colloidal state may also occur through surface activa-
tion and subsequent deposition by Ni-P deposit [26-29]. For small
SiO; loading levels as in this work, it is anticipated that nanoparticle
codeposition occurs uniformly over the coating. The nanoparticle
surface activation while in the plating bath or after adsorption to the
coating growth front may act as potential nucleation sites for further
Ni-P deposition, thus causing grain refinement and minimization of
porosity level in the nanocoatings.

The microstructure of the Ni-P-SiO, nanocomposite coating
(sample 5) after 14 days of immersion in NaCl solution is presented in
Fig. 4. From overall view of the surface, two distinctly different surface
morphologies are evident. There are relatively smooth regions with

Fig. 3. (a) Three-dimensional surface topography of Ni-P-SiO, film surface (sample 4):
(a) a large 20 x 20 pm area scan and (b) a small 1 x 1 pm area scan.

little or no change after corrosion tests and there are certain areas
with rough morphology showing formation of fine cracks. At high
magnification (Fig. 4b), the smooth area appears to be composed of
fine grains that are about 25 nm in size besides the presence of few
round surface pores. It is interesting to note that the pore size is in the
same range as that of SiO, nanoparticles and, therefore, the pore forma-
tion maybe attributed to the detachment of individual SiO, nanoparti-
cles from the surface. Nevertheless, observation of a predominantly
defect-free, smooth surface after prolonged exposure is a testament to
the fact that the presence of SiO, nanoparticles effectively inhibits
corrosion in salt solution through surface passivation. The granular
structure with size on the same scale, albeit with a high degree of
surface roughness and surface cracks, is observed while examining the
coarse area in Fig. 4a. From the microstructure (Fig. 4c), the surface
cracks are estimated to be a few tens of nanometers wide with lengths
on the order of few hundred nanometers. The cracks seem to have
originated from large pores that were observed on the grain boundaries
of the as-deposited Ni-P-SiO, coatings and became wider due to the
cumulative effect of electrolyte penetration into pores while immersed
and release of residual tensile stress from the as-deposited film [30].
The crack density is low in the nanocomposite coating and, although
the cracks at the grain boundaries are relatively longer and wider,
they are not deep enough to expose the substrate underneath and
cause coating delamination. Therefore, under the corrosion testing
conditions explored during this work, the nanocomposite coatings
maintain their structural integrity.

3.2. Indentation studies

For polished copper substrate, the average hardness value was found
to be 1.80 GPa. Fig. 5 represents data from 10 indentation tests performed
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Fig. 4. (a) Microstructural examination of the nanocomposite coating (sample 5) after 14 days of immersion in NaCl solution: (a) Overall surface showing smooth and coarse areas, (b) high
magnification view of the smooth surface and (c) coarse area showing small surface cracks.
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Fig. 5. Indentation data for pure Ni-P and Ni-P-SiO, nanocomposite coatings produced with (a) 1 g/L and (b) 2 g/L SiO, nanoparticle loading in the bath. The dashed line represents av-
erage hardness of the copper substrate.
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Fig. 6. Bode diagrams for pure Ni-P coatings (samples 1 and 2) from different immersion
times in 4 wt.% NaCl solution.

on each sample after coating deposition as well as immersion in saline
solution for a certain period. The average values are listed in Table 1.
Comparison of pure Ni-P coatings with different P content reveals that
Ni-P coating with less P (sample 1) exhibits higher hardness value of
4.42 GPa. The hardness value for SiO- in bulk form is 10.98 GPa [31].
For both Ni-P compositions, addition of SiO, causes an increase in the
hardness value of the resulting nanocomposite coating with greater
extent of increase noticed in coatings produced with 2 g/L SiO; in the
bath. Two- to three-fold increase in hardness was recorded despite the
fact that the coatings produced are a few microns thick and no post-
deposition heat treatment was performed.

The incorporation of SiO, nanoparticles into the Ni-P matrix greatly
enhances the overall hardness through modification of the coating
morphology, in terms of more refined nodular structure with elimina-
tion of surface porosity, and by impeding the fast dislocation movement
in the ductile matrix. For the same Ni-P coating composition, the
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average hardness value increases upon increasing the SiO, nanoparti-
cles loading in the plating bath from 1 to 2 g/L, thus indicating greater
degree of Si0, incorporation and subsequently more effective reinforce-
ment of the metallic matrix. The scatter in data, as suggested by high
standard deviation values for samples 4-6, maybe caused by non-
uniform dispersion of SiO, nanoparticles and to a certain degree of ag-
glomeration due to high surface area. Nevertheless, the values obtained
are higher than those reported for similar nanocomposite coatings and
are even comparable to their heat-treated counterparts in some
cases [20,21].

3.3. EIS analysis

The corrosion studies of the pure Ni-P and nanocomposite Ni-P-
SiO, coatings were carried out in 4 wt.% NaCl solution. The Bode plots
and Nyquist charts for up to 28 days of immersion in salt solution are
presented in Figs. 6 and 7, respectively. From area impedance data
(Fig. 6), it is evident that pure alloy coating of the composition
89.2Ni-10.8P (sample 1) offers superior corrosion resistance than that
of 85.7Ni-14.3P (sample 2) during the entire period of immersion in
salt solution. In both cases, area-impedance values progressively de-
creased after longer immersion times indicating gradual structural dete-
rioration of the coating. At low frequencies in the range of 10-100 mHz,
the area-impedance drops upon extended exposure to saline solution,
although sample 1 (89.2Ni-10.8P) exhibits superior corrosion resis-
tance. The corresponding Nyquist plots for samples 1 and 2 are shown
in Fig. 7 to represent the electrochemical impedance behavior. Two dis-
tinct characteristic features can be noticed depending on the frequency:
at high frequencies, it is in the form of a semicircle and, at low frequen-
cies, it is a straight line at an angle to the real axis representative of dif-
fusion phenomenon. The behavior is similar for different immersion
times although the corrosion resistance is noticed to decrease after ex-
tended exposure to the salt solution. Such behavior is presumably due
to surface porosity and surface roughness of the coating. As the frequen-
cy decreases, degree of penetration into pores increases with pore
length being the determining factor for the maximum possible penetra-
tion depth. The values of the real and imaginary components of the
area-impedance at 10 mHz, for 1 day immersion, are almost the same
at 0.1 Hz after 14 days of immersion in the salt solution, implying chang-
es in pore characteristics upon prolonged exposure to saline water. The
corrosion behavior of the high-P coating (sample 2) is found to be infe-
rior to that of medium-P coating (sample 1) as manifested by smaller di-
ameters of the semicircles (Fig. 7b). The coating progressively degrades
with longer immersion times showing linear behavior at lower frequen-
cies upon immersion for 28 days.
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Fig. 7. Nyquist plots for pure Ni-P coatings (samples 1 and 2) from different immersion times in 4 wt.% NaCl solution.
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The superior corrosion resistance of pure Ni-P coating with less P
content (i.e. 10.8 wt.%P) led to the investigation of nanocomposite
Ni-P-SiO, compositions obtained with 1 and 2 g/L SiO, loadings in
the bath. Fig. 8 presents Bode diagrams for Ni-P-SiO, coatings (samples
3 and 4) after 1 and 14 days of immersion in the 4 wt.% NaCl solution.
While the area impedance of sample 3 is less than that of sample 4 by
several orders of magnitude after 1 day immersion suggesting less effec-
tiveness of SiO, nanoparticles towards corrosion inhibition, the corro-
sion resistance is noticed to increase and become equivalent for both
coating compositions after prolonged exposure of 14 days. It is speculat-
ed that extended exposure to the saline solution causes preferential
nickel dissolution with subsequent appearance of embedded SiO, nano-
particles on the surface, hence increasing the degree of surface passiv-
ation. In addition to a significant increase in area-impedance, the drop
in these values over the tested range of frequencies is less dramatic
than that observed for pure Ni-P coatings. Such behavior may be attrib-
uted to improvements in the nanocoating characteristics (less surface
roughness, elimination/minimization of surface porosity, etc.) during
deposition as well as a passive layer formation due to phosphorus
enrichment with little or no access of the electrolyte to the coating
defects or the underlying substrate [10,12,32].

The Nyquist plots show only one semicircle indicative of single time
constant. For sample 3, the corrosion resistance is very low after 1 day of
immersion (Fig. 9a). The sample 4 (Fig. 9¢), on the other hand, initially
exhibits a semicircle after one day of immersion. The corrosion resis-
tance is maximum after 14 days immersion, showing a semicircle with
the maximum diameter and a straight line at lower frequencies. The lat-
ter may be indicative of an onset of electrolyte penetration through
voids or pores to either the pre-coat Ni-P layer or the copper substrate
surface. The SEM examination (Fig. 4c) corroborates this finding by
showing microcracks that are sub-100 nm wide and a few tens of nano-
meters long. Further investigations are warranted to develop a theoret-
ical fit of such corrosion behavior.

Corrosion behavior of the Ni-P and Ni-P-SiO, coatings can be
described in terms of a theoretical fit using open-circuit potential
(OCP), charge transfer resistance also known as coating resistance
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Fig. 8. Bode plots for nanocomposite Ni-P coatings (samples 3 and 4) after 1 and 14 days of
immersion in 4 wt.% NaCl solution.

(R¢t) and double layer capacitance (Cg;). Although R and Cq; have
units of O cm? and F cm™ 2, respectively, they are referred to as charge
transfer resistance and double-layer capacitance, in line with reported
works. When the electrode is polarized, i.e. an electrode potential is
forced away from its value at open-circuit, the charge transfer resis-
tance, also known as polarization resistance (R;,), arises either from
kinetics of the reactions or the diffusion of the reactants towards and
away from the electrode surface or both. The double layer capacitance
(Ca) is due to an electrical double layer formation between an electrode
and its surrounding electrolyte owing to the adsorption of ions from the
solution to the electrode surface and has a typical thickness value on the
order of a few angstroms.

The values of OCP, R and Cgy; for different coatings are listed in
Table 2. A drop in OCP values implies superior corrosion resistance in
the absence of applied voltage. The R, values are indicative of the corro-
sion protectionability of a surface and generally, higher values imply
superior corrosion resistance. In our case, the R values are in the
range of 10* Q cm? but increase by about four orders of magnitude in
case of SiO, nanoparticles incorporation (sample 4). Similarly, the Cgy
value is related to the porosity level in the coatings with low values
representing samples having less porosity. The elimination of surface
porosity in the nanocomposites due to the addition of SiO, nanoparticles
is confirmed from change in Cg values that drop from ~10~> for high-P
Ni-P (sample 2) to 10~ '° F cm~2 for Ni-P-SiO, (sample 4). It is,
however, noteworthy that among different categories of Ni-P coatings,
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Fig. 9. Nyquist plots for Ni-P-SiO, nanocomposite coatings produced with SiO, bath
loading of: (a,b) 1 g/L (Sample 3) and (c) 2 g/L (Sample 4).
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Table 2
Corrosion properties of pure and nanocomposite coatings at 24 °C after different immersion times in 4 wt.% NaCl solution.
Sample ID Days 1Z]10 mhz (© cm?) OCP (mV vs. Ag/AgCl) Cq (F/cm?) Ree (Q cm?)
1. 1 6.85 x 10* —278 237 %1076 8.45 x 10°
14 5.19 x 10*
28 212 x 10%
2. 1 1.58 x 10* —310 1.79 x 107° 6.77 x 10*
14 1.00 x 10*
28 461 x 10°
3. 1 424 x 10° -84 142 x 10710 2.74 x 10°
14 5.54 x 10®
4. 1 2.25 x 10® —124 1.18 x 10710 3.14 x 108
14 5.66 x 10°
high-P coatings offer superior corrosion characteristics due to their References

amorphous structure and less susceptibility to pitting with resultant
more noble and passive polarization potential [33].

It is speculated that initial preferential dissolution of nickel causes
coating surface enrichment with phosphorus followed by reaction
with water to form an adsorbed layer of hypophosphite anions
(H,PO,) ™ that surface passivates by blocking transport of water mole-
cules to the electrode surface [34]. The influence of SiO, nanoparticles
on further improvement in corrosion resistance of the nanocomposite
coatings in saline water may be attributed to two factors namely:
(i) modified microstructure promoting inhibition of defect corrosion
by acting as inert physical barrier and (ii) uniform SiO, dispersion in
Ni-P matrix causing formation of many corrosion micro-cells in which
SiO, nanoparticle and nickel metal act as cathode and anode, respective-
ly, due to more positive potential of SiO, than nickel and subsequent oc-
currence of homogeneous corrosion instead of localized corrosion.

4. Conclusions

By tuning the amount of NaH,PO, (15 or 30 g/L) used as reducing
agent in the precursor bath, the P-content in the Ni-P coatings can be
controlled to produce medium- and high-P Ni-P. In the latter case, an
increase in P weight percent is accompanied with an increase in the
grain size and surface roughness. The addition of SiO, nanoparticles in
the Ni-P matrix refines the grain size, lowers the degree of surface
roughness and enhances coating density through reduction in surface
porosity along with an increase in the hardness value. The maximum
improvement in hardness to a value of ~11 GPa is observed in Ni-P-
SiO;, nanocoatings with medium-P that may be considered to be due
to hindrance to dislocation movement offered by the SiO, nanoparticles
in the ductile matrix. EIS studies after immersion of coatings in the
4 wt.% NaCl solution for 2 to 4 weeks indicate superior corrosion resis-
tance offered by the medium-P coatings and a further improvement
by orders of magnitude upon SiO, incorporation. The theoretical fit
of the EIS data indicates a combination of very low double layer
capacitance (Cq;) and very high charge transfer resistance (R.;) that
confirm reduced levels of surface porosity and improved corrosion
protectionability of the Ni-P-SiO, nanocomposite coatings.
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