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Electroless Ni-P coatings offer excellent corrosion and wear resistance and ability to withstand acidic and salt
solutions. Medium and high phosphorus Ni-P coatings were produced using plating baths with 10 g/L or 25 g/L
of sodium hypophosphite as reducing agent (RA) with composition of the resulting deposits to be 91.5 Ni: 8.5
P and 87.6 Ni: 12.4 P, respectively. From field-emission scanning electron microscope (FE-SEM) examination,
the deposit morphology was found to change from nodular with surface porosity and cracks to dense, smooth
upon increasing the RA content. Addition of nanostructures such as nanoparticles of alumina (Al,03) or silicon
Composite coatings carbide (SiC) or multi-walled carbon nanotubes (CNT) into Ni-P matrix, at low loading levels, was investigated
Nanostructures for their effect on corrosion resistance and hardness of Ni-P-Al,05, Ni-P-SiC and Ni-P-CNT composite coatings.
EIS Electrochemical impedance spectroscopy (EIS) studies in 4 wt.% NaCl solution revealed 91.5 Ni: 8.5 P coating to
Microhardness offer much superior corrosion resistance than 87.6 Ni: 12.4 P coating even after immersion for 42 days. Among
all composite coatings, however, Ni-P-Al,05 produced from 1.0 g/L Al,O5 in plating solution exhibits higher
impedance values at low and intermediate frequencies. Nyquist plots for different frequencies were analyzed
for comparison between different composite coatings. Microhardness tests indicate higher hardness value of
8.46 GPa for Ni-P-SiC coating as compared to 7.42 GPa for pure Ni-P coating.
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1. Introduction

Unlike electroplating, electroless process involves synthesis of alloy
coatings without an external current. Among a wide variety of coating
types, Ni-P coatings are most commonly used due to their excellent
mechanical, electrical, and magnetic properties. Generally, medium-
and high-P coatings offer excellent protection against corrosion with
reasonably high levels of hardness and wear resistance and can be a
suitable alternative to industrial electroplated nickel and hard chromi-
um coatings that suffer from disadvantages of non-uniform thickness,
low ductility and susceptibility to hydrogen embrittlement [1]. Ni-P
coatings with high P content are ideally poised for use in the applica-
tions involving high wear and corrosion resistance. The density of Ni-P
films decreases significantly with increasing P content as compared to
that of pure nickel.

When particles of a different composition and phase are dispersed
into the plating bath solution, co-deposition of Ni-P as a matrix and dis-
persed particles as reinforcing phase will occur during the electroless
plating, resulting in formation of composite coatings. While Ni-P
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coating is deposited via autocatalytic action of first the substrate and
then the initial deposit layer, the particles are transported from the
solution to the vicinity of the surface through convective-diffusion al-
though there are other modes of particle incorporation as well, namely
adsorption, mechanical entrapment, and electrophoresis. The intended
role of such added nanostructures may be a dramatic change in deposit
morphology and reduction/enhancement of cathode surface area de-
pending on their electrical conductivity value [2]. Pure and composite
Ni-P coatings with homogeneously dispersed second phase particles,
having excellent wear and corrosion resistance, hold strong potential
for use in petrochemical, oil and gas, food processing, and cutting tool
industries [3]. The current state of research on development of electro-
less alloy and composite coatings from the perspective of difficult
substrates and waste treatment is reviewed recently [4].

For uniform, homogeneous distribution of the particles in the
composite coating, agitation mechanism such as bath circulation, mag-
netic stirring, or ultrasound is employed. In case of ultrafine particles,
an appropriate surfactant like hexadecyltrimethyl ammonium bromide,
sodium dodecyl sulfate, or cetyltrimethylamine bromide can also be
used to avoid agglomeration due to surface charges and sedimentation
[5,6]. Incorporation of hard particles such as Al,O3 [7-9], B4C [10], BN
[11],SiC[12-15],Si0, [16], TiO, [17,18] or ZrO, [ 19] into pure Ni-P coat-
ings enhances hardness, despite their adverse effect on wear properties
due to abrasive nature of added particles. Incorporation of ~20vol.% SiC
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particles, 0.5 to 1.0um in size, was found to increase Vickers hardness to
a maximum value of 875 with an associated increase in the friction co-
efficient from ~0.16 to 0.41 due to abrasive properties of SiC particles
[12]. On the other hand, the inclusion of carbon nanotubes (CNTs) into
Ni-P matrix coating was reported to prevent the rough contact between
metallic surfaces by sliding or rolling between the surfaces [20]. Another
study reported that addition of CNTs up to ~11.2 vol.% led to a gradual
decrease in wear rate [6]. In fact, CNT addition can reduce the wear
rate by one-third of that for pure Ni-P coatings presumably due to
build-up of a protective oxide transfer layer within the wear scar, thus
improving wear resistance. Improvement in corrosion resistance can
be attributed to relatively low chemical reactivity and pore-filling action
of the CNTs resulting in more compact films [21].

The published literature, in most cases, aims at addition of large
amounts of the particles within Ni-P coating matrix. If particle size is
at the nanoscale, its use in high quantities necessitates addition of an
appropriate dispersing agent or surfactant to the plating bath making
the bath chemistry more complicated. Also, there is a scarcity of reports
on EIS studies of pure and nanocomposite Ni-P coatings for long
immersion times. In our work, medium- and high-phosphorus Ni-P
coatings were initially produced by varying the amount of sodium
hypophosphite as reducing agent and compared for their microstruc-
ture, composition, corrosion resistance and microhardness. After that,
nanocomposite coatings containing small amounts of second phase
nanostructures (Al,0s, SiC or carbon nanotubes) were produced
from precursor solutions without using any surfactant and their benefi-
cial effects on hardness and corrosion properties were explored.
Electrochemical impedance spectroscopy studies of both pure and
nanocomposite Ni-P coatings were carried out in 4 wt.% NaCl solution
for a maximum immersion period of four weeks. Indentation experi-
ments were performed to compare microhardness values of pure and
some of the composite coatings.

2. Materials and methods

All the chemicals for making aqueous electroless plating bath, namely
nickel chloride (NiCl,), sodium hypophosphite (NaH,PO,), sodium suc-
cinate (C4H4Nay04), and sodium chloride (NaCl) were procured from
Sigma-Aldrich with analytical purity of 99% or higher. For Ni-P-X com-
posite coatings, alumina (Al,03, 99.9%) and silicon carbide (SiC, 99%)
nanoparticles as well as multi-walled carbon nanotubes (CNT, 95%)
were obtained from Nanoshell LLC, USA and used without any further
pre-treatment.

Using copper coupons 25 x 25 x 3 mm in size as substrates, the sur-
faces were prepared by grinding on SiC emery paper to 1200 grit size
and polishing with 1 um diamond paste. Following that, the substrates
were cleaned in an ultrasonic bath and rinsed with deionized water.
After drying, the deposition was carried out through immersion of the
substrate into plating bath in presence of magnetic stirring. For pure
Ni-P coatings, two plating bath compositions with 10 or 25 g/L of
NaH,PO, as reducing agent (RA) were made. For composite coatings,
an aqueous suspension of the desired nanostructure (Al,Os, SiC or
CNT) was initially prepared followed by mixing with nickel electroless
plating bath. The dispersion of nanostructures in the bath and their
homogeneous distribution in the matrix was ensured by means of ultra-
sonic treatment before mixing the two solutions and continuous stirring
during coating deposition and growth. Also, a pre-coat of the pure Ni-P
was applied over the copper substrate to promote high deposition rate
of the composite coatings. The net weight gain was determined by
taking into consideration the samples weights before and after coating
deposition. The identification scheme and synthesis conditions of pure
and composite Ni-P coatings are given in Table 1.

The surface morphology and elemental composition of the coatings
were determined using field-emission scanning electron microscope
(FE-SEM) from JEOL (JSM7600F). The microscope was operated at
15 kV with working distance (WD) of 4.5 mm for good resolution at

Table 1
Electroless deposition conditions and identification scheme for pure and composite Ni-P
samples.

S.no. ID Composition  Pre-coat  Synthesis conditions Weight
gain, mg
1. Si Ni-P X 90 °C, 60 min 15.5
2. Sa Ni-P X 90 °C, 60 min 11.9
3. S1A1  Ni-P-ALO; N 90°C, 2h; 0.25g/L ALO; NP 163
4. S1A;  Ni-P-ALO; S 90°C, 2h; 1.0g/L ALO; NP 104
5. Si1Gy Ni-P-SiC S1 90°C, 2 h; 0.25g/L SiC NP 242
6. S4C> Ni-P-SiC S4 90°C, 2h; 1.0g/L SiC NP 14.1
7. SiN;  Ni-P-CNT S1 90°C, 2h; 0.25g/L CNT 9.6

high magnification whereas for energy dispersive spectrum (EDS)
analysis, the value of WD was increased to 10mm in order to secure rea-
sonably high counts per second. X-ray diffraction (XRD) patterns were
obtained using an X-ray diffractometer from Bruker (D8 DISCOVER) at
operating voltage and current of 20 kV and 5 maA, respectively. For 26
values in the range 30-100° the step size and dwell time were
maintained at 0.2° and 3 s, respectively.

Electrochemical impedance spectroscopy (EIS) studies were
performed to compare the corrosion resistance of pure and composite
coatings in synthetic seawater containing 4 wt.% (wt%) NaCl solution.
All the specimens were prepared by making an electrical contact of
the specimen with a copper wire using a conductive silver paint. The
samples were then embedded in an epoxy solution with hardener for
curing and drying and were subsequently placed in sealed Erlenmeyer
flasks containing 250 mL of 4 wt.% NaCl solution. The flasks were even-
tually sealed with Parafilm to avoid solution evaporation over time.
The three-electrode method was employed with the coated sample, a
saturated calomel electrode (SCE) and a platinum wire as working elec-
trode, the reference electrode and the counter electrode, respectively.
The electrodes were connected to a Princeton Applied Research Parstat
2263 potentiostat running PowerSuite corrosion analysis software. The
EIS measurements were performed at the open circuit potential (OCP)
values from 1 kHz to 10 mHz with 5mV (rms) of amplitude per second
and five points per decade. The surface area of the samples was between
0.34 and 4 cm?. The EIS data was obtained after immersion in 4 wt.%
NaCl solution for up to 22 days.

The hardness of the coatings was measured using nanoindentation
system from Micro Materials (NanoTest Vantage) at a maximum
applied load of 100 mN. For this purpose, each sample was mounted
on the stub using a small amount of cyanoacrylate adhesive and at
least 10 tests were performed using a Berkovich indenter.

3. Results and discussion
3.1. Coating structure and composition

The effect of sodium hypophosphite as reducing agent (RA) on coat-
ing morphology was investigated as manifested by low and high magni-
fication FE-SEM micrographs, shown in Fig. 1. The high magnification
view of S; coating surface (Fig. 1b) reveals presence of nodular structure
with surface porosity and cracks. As the amount of RA is increased from
10to 25g/L (sample S,), the degree of surface roughness decreases with
no continuous cracks between spherical granules. In that case, fine
pores with size of the order of 50 nm or less are seen predominantly
at the boundaries between deposited granules (Fig. 1d). Since reducing
agent is a source of electrons for reduction of Ni?* and P> ions at the
substrate (or growing coating surface), an increase in the RA content in
the plating bath enhances the overall coating deposition rate thus lead-
ing to lower degree of surface roughness and porosity in the coating.
Beside surface morphology, there is also an accompanying increase in
P content in the coating from 8.5 to 12.4 wt.%, as noticed during EDS
studies. Thus, changes in the plating bath composition strongly influence
the P content in the resulting deposit and the coatings characteristics.
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Fig. 1. Low and high magnification FE-SEM images of Ni-P coating surfaces: (a, b) S; and (c, d) S4.

The X-ray diffraction patterns of the pure Ni-P coating (S;) and com-
posite coatings incorporating Al,0s, SiC or multi-walled nanostructures
are presented in Fig. 2. For pure and nanocomposite S; composition, the
diffraction patterns indicate formation of crystalline deposits with
distinct peaks characteristic of different NixPy, phases. It is possible that
co-deposition of P atoms along with Ni is more homogeneous due to
solution chemistry, continuous stirring and island growth mode all of
which have been reported to favor crystalline nature of the deposit
[22,23]. This finding is also in agreement with our earlier work on
electroless Ni-P coatings prepared under slightly different condi-
tions [24,25]. Comparison of XRD patterns suggests promotion of
Ni; 55P phase formation as a result of addition of these nanoparticles
since the relative intensity of this peak is very small in the Ni-P coating.
Overall, all the coatings are crystalline and no signature peak for Al,Os3,
SiC or CNT appeared presumably due to small amounts of these nano-
structures used.

The nanoparticles (Al;Os3, SiC) and CNT were characterized for their
size and morphologies and the composite coatings were assessed for
distribution of these nanostructures in the Ni-P matrix. Fig. 3 shows
high magnification micrographs of Al,O3 and CNT and composite coat-
ing surfaces. The Al,O3 nanoparticles are found to be spherical with
average size of ~15nm (Fig. 3a), whereas carbon nanotubes are few mi-
crons in length with an outer diameter of ~60 nm (Fig. 3¢) along with
other carbonaceous forms in the as-received CNTs. The scale bars in
Fig. 3 (a, ) represent a length of 100 nm. As compared to pure Ni-P
coatings, the surface topography of composite coatings is different
with lower degree of surface roughness and appearance of large
clusters. Despite small quantities of nanostructures used, some degree
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Fig. 2. X-ray diffraction patterns of the pure (S;) and composite (S;A;, S1A, S1N;) Ni-P
coatings.
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Fig. 3. FE-SEM microstructures of (a) AL,O3 nanoparticles, (b) Ni-P-Al,05 composite coating (S;A;), (c) as-received multi-walled carbon nanotubes (CNT) and (d) Ni-P-CNT composite

coating (S{Ny).

of aggregation of these nanostructures might have occurred as evident
in Fig. 3b. The addition of Al,03 or CNT results in a more compact,
dense deposit with no surface porosity or cracks as seen earlier in
pure Ni-P coatings. Since incorporation of second phase into growing
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Ni-P matrix coating is primarily via physical adsorption, more intense
agitation is needed to ensure continuous supply of nanostructures at
the coating growth front. Also, the deposition rate drops during co-
deposition, an observation that is consistent with earlier reports [26].
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Fig. 4. EIS data for samples S; and S, upon immersion in 4 wt.% NaCl solution for 1, 7,and 21 days: (a) Bode diagram and (b) Nyquist plot. The inset in (b) gives enlarged view of Nyquist plot

for Sa.
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3.2. Corrosion properties

Electrochemical impedance spectroscopy (EIS) studies were per-
formed on pure and composite coating samples in 4wt.% NaCl salt solu-
tion. For pure Ni-P coatings (S1 and S4), Bode diagram (Log |Z| vs log f)
and Nyquist plot for different immersion times are presented in Fig. 4.
From comparison of S; and S4 Bode plots, it is evident that S; offers su-
perior resistance to corrosion at all immersion times. In both cases,
however, the area impedance at low frequency (10 mHz) decreases
with time and evidences the degradation of the coating in contact
with the saline solution. As shown in Fig. 4b, Nyquist plots for both sam-
ples present a resistive loop after one day of immersion. For sample S;,
area impedance values at low frequency (0.01 <f<0.1Hz) are between
0.5 and 1.5MQ-cm? and are ten times higher than sample S,. In addi-
tion, sample S; is more stable in the electrolyte with impedance at
10 mHz about 1.3 MQ-cm? whereas the area impedance of sample S4
decreases progressively below 0.1 MQ-cm?.

The superior corrosion resistance of the S; coating over S; was also
confirmed from FE-SEM examination of the coatings after immersion
in 4wt.% NaCl for 42 days, as shown in Fig. 5. It is noticed that S; appears
smooth, virtually crack-free and less damaged with formation of fine
porous structure at some places (upper left corner of Fig. 5a). The

I 1lpm
15.0kV SEI

X 20,000

Fig. 5. FE-SEM micrographs of the (a) Sq and (b) S4 coating surfaces after immersion in
4wt.% NaCl solution for 42 days. The inset in (b) is a low magnification image of the coating
surface with scale bar representing a length of 10 um.

sample S; underwent cracking throughout its surface along with pres-
ence of fine precipitates (inset of Fig. 5b). In the latter case, the cracks
are ~180 nm wide and are interlinked such that the entire coating
surface is divided into small fragments with each having size of the
order of smaller than 10 pm.

Comparison of corrosion behavior for Ni-P-Al,O3; composite coat-
ings in terms of Nyquist plots for samples S;A; and S;A; is made in
Fig. 6. For Ni-P-Al,03 coatings, the maximum area impedance value is
of the order of ~10% Q-cm? or less depending on immersion time and
Al,03 content. For all immersion times, the sample S;A; exhibits higher
area impedance values than those of S;A; at low and intermediate
frequencies. The data series with filled markers represent corrosion
behavior of S;A; coating. For sample S;A,, the area impedance value is
maximum for fresh sample (i.e. immediately after immersion in salt so-
lution) and then progressively drops for longer immersion times. The
same trend follows in case of the S;{A; sample with similar behavior
for 5 and 22 days immersion times. The real (Z’) and imaginary (Z")
components of area impedance at 10mHz and 0.1 Hz frequencies are in-
dicated by arrows. Corrosion properties have been reported to improve
[27] or deteriorate [28] upon incorporation of Al,Os nanoparticles
depending on its content in the bath. As opposed to earlier reports, how-
ever, the quantity of Al,05 nanoparticles is very small (0.25 or 1.0 g/L)
in our case and, as stated earlier, shows improvement in corrosion resis-
tance upon increasing the Al,O5 content.

The EIS data for samples S;Cy, S4C, and S1N; are shown in Fig. 7, with
data series for samples S;C; and S4C; represented by filled and unfilled
markers, respectively. All samples present resistive loop after one day of
immersion and have similar low frequency area impedance between 2
and 4 x 10*Q-cm?. The sample S;C; offers the best corrosion properties
among the three types of composite coatings with similar Nyquist plots
for immersion times of 1 and 5 days. After 22 days immersion, the max-
imum area impedance drops by a factor of 2, indicating lower corrosion
resistance. The sample S,4C, has the lowest area impedance after 5 days
of immersion with faster degradation in the electrolyte with low area
impedance below 10%Q-cm?.

The adverse effect of porosity on corrosion behavior of protective
coatings cannot be overlooked. Walsh et al. [29] performed an extensive
review of both qualitative and quantitative measurement techniques
for determination of porosity in electroless Ni-P coatings. In the absence
of experimental data from other electrochemical porosity tests, a
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Fig. 6. Nyquist plot for up to 5 days of immersion 4 wt.% NaCl solution: (a) S;A; and

(b) S1Aa.
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Fig. 7. Nyquist plot for S;Cy, S4C,, and S;N; composite coatings after different immersion
times in 4 wt.% NaCl solution.

qualitative assessment regarding presence of pores in the pure and
nanocomposite coatings is possible by means of a closer look at the re-
sults presented in this paper. In pure Ni-P coatings (S; and S4), although
presence of fine pores in the S4 sample surface (Fig. 1d) leads to inferior
degree of coating protection against corrosion in salt solution as
manifested by cracking after prolonged exposure (Fig. 5b), Nyquist
plots for both compositions nevertheless show one time constant.
Since it is very hard for the electrolyte to penetrate through very fine
pores, the shape of the Nyquist plot depends on the pore radius and
length that in turn, are referred to as penetration depth (r) and pore
length (1), respectively. The shape of the Nyquist plots obtained in our
case is a semi-circle is similar to that predicted by the limiting case
when r>> [ and the ac signal manages to reach the bottom of the pore
[30]. In such cases, the entire electrode behaves as a flat surface.
Presence of a second phase as in case of nanocomposite coatings, in
the form of dispersed nanoparticles up to a certain upper limit, has
been reported to inhibit defect corrosion through their pore-filling
action and by acting as a physical barrier to localized corrosion [31].

The summary of the evolution of area impedance at low frequency
(10mHz) for each coating at different immersion time in 4% NaCl solu-
tion is depicted in Fig. 8. The values of area impedance are between
2.5 x 10* and 2.5 x 10° Q-cm? and decrease with time attesting a
progressive degradation of coatings except for the sample S;N;. The
area impedance for the sample S;N; increases with time but is still
below samples without nanocomposites additives (Al,O3, SiC and
CNT). Sample S; has the best corrosion resistance followed by sample
S, with impedances about 1.8 x 10° and 0.75 x 10° Q-cm? respectively.
Samples with nanocomposites additives have lower area impedance
at the beginning of the test and after 9 days of immersion with area
impedance below 10° Q-cm?.

3.3. Hardness values

Indentation of the pure Ni-P and Ni-P-SiC composite coatings pro-
vided insight into any change in coating hardness upon incorporation
of nanostructures. For each coating composition, the hardness values
were plotted to indicate scatter in data, as shown in Fig. 9. All the
samples show higher levels of hardness than the copper substrate
(1.80GPa). For pure Ni-P coatings with different P content, the average
hardness values were 7.4 and 4.4 GPa, respectively. Thus, an increase in
P content from 8.5 (S;) to 12.4 wt.% (S4) caused drop in the overall
coating hardness. Addition of as little as 0.25 g/L SiC nanoparticles in
the plating bath and their subsequent incorporation into the coating
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Fig. 8. Evolution of impedance at low frequency versus immersion time in 4% NaCl
solution.

resulted in average hardness of ~8.5 GPa, an increase by 14.0%. On the
other hand, SiC addition to S, coating composition at similar loading
level leads to a decrease in average hardness value. This observation is
probably due to the combined adverse effect of higher porosity level
and inhomogeneous distribution of SiC nanoparticles in the Ni-P coat-
ing matrix. Further experimentation is required to arrive at a concrete
conclusion in this regard.

4. Conclusions

The change in electroless bath chemistry in terms of reducing agent
content influences the final coating composition. An increase in RA
amount from 10 to 25 m/L causes P content in the coating to increase
from 8.5 to 12.4 wt.%. In addition to that, the coating surface morpholo-
gy changes from rough with pores and cracks to dense, smoother with
sub-micron size pores at the boundaries of round nodular structure.

EIS studies in 4wt.% NaCl solution indicated superior corrosion resis-
tance of medium P coatings with an area impedance value that is almost
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Fig. 9. Hardness data for pure Ni-P and some of the composite coatings.
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10 times higher than that of high P coating. Incorporation of second
phase nanostructures causes a decrease in coating growth rate and
resistance to corrosion compared with pure Ni-P coatings. Among all
the composite coatings with different loading levels, Ni-P-Al,03
and Ni-P-SiC offer superior performance attributes than others, while
Ni-P-CNT coating shows no structural degradation after several days
of immersion in NaCl solution.

The results on nanoindentation show a gradual increase in average
hardness value from the copper substrate (1.8 GPa) to medium-P coat-
ing (7.4 GPa) to Ni-P-SiC (8.5 GPa) indicating the effectiveness of hard
nanoparticles towards improvement in hardness.
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