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Abstract

Silicon carbide nanoparticles were co-deposited in Ni-P matrix to form Ni—-P-SiC composite coating on the mild steel
substrate by using electroless coating technique. In the present study, the effect of SiC nanoparticles concentration and heat
treatment temperature on microhardness and corrosion resistance of the Ni-P—SiC coating was investigated. The microhard-
ness and corrosion resistance of the coating was further analyzed through the experiments. X-ray diffraction and scanning
electron microscope attached with energy dispersive spectroscopy were used to analyze phase structure, morphology, and
elemental composition of the coating. Results confirm that incorporation of SiC nanoparticles into the coating greatly influ-
ences the microhardness and corrosion resistance of the coating. The phase change from amorphous Ni to crystalline nickel
and nickel phosphide at 400 °C further improves the microhardness and corrosion resistance of the composite coating.

Keywords Electroless coating - Heat treatment - Corrosion - Microhardness

1 Introduction

Electroless Ni is an autocatalytic coating, which means
coating formed from the solution on the substrate without
electricity. Controlled chemical reduction of Ni ions on a
catalytic surface develops the electroless Ni coating [1, 2].
By using this method, substrate was coated uniformly on
both (inside and outside) the sides until there was uniform
solution flow. Physical vapor deposition (PVP), chemical
vapor deposition, thermal spraying, and electrolytic coating
cannot achieve uniform thickness across part geometry. The
electroless coatings can be classified into three main groups
based on phosphorus content: low phosphorus (1-4 wt% P),
medium phosphorus (4—10 wt% P), and high phosphorus
(>10.5 wt% P) [3, 4]. The electroless coatings can be depos-
ited on cast iron, carbon steel, stainless steel, aluminum, and
magnesium alloys [5, 6]. Usually, the physical and mechani-
cal properties are further improved by composite coatings
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formed by embedding the hard ceramic particles such as
Al O3, SiC, TiO,, WC, Si3N,, PTFE, MsO,, diamond, and
graphite into the Ni—P matrix [7-9]. Hard particles such as
Al O3, SiC, TiO,, WC, SisN,, diamond used to improve the
hardness and to reduce friction PTFE, MsO,, and graphite
particles are used in micro and nano level [10]. S. Afrouk-
hteh found the addition of small amount of Al,0O; nano-
particle does not affect much the corrosion potential of the
Ni-P coating. The lower porosity of the coating observed at
a higher deposition of the Al,O; results in higher corrosion
resistance of the Ni—P composite coating [11]. S.A. Abdel
found the Ni-P-Al,O; coating increases the corrosion resist-
ance of the copper substrate up to the 70 g/L concentration
of Al,O; particles in the bath; beyond this limit decreases
the corrosion resistance of the coating due to agglomera-
tion of nanoparticles [12]. S. Karthikeyan found the Ni—P
coating hardness increases by embedding the nano Al,O,
into the Ni—P matrix. He also confirms the formation of the
metal oxide layer during the wear test improves the wear
resistance of the Ni-P-nano Al,O5 coating on mild steel
substrate [13]. C.J. Lin found that size of the SiC particles
greatly influence the properties of the composite coating.
The coating formed in the presence of SiC nanoparticles
offers a smooth surface with good corrosion resistance in
3.5% NaCl solution because a homogeneous distribution
of SiC nanoparticles reduces the pores present the coating
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[14]. Lloyd Ploof confirms that the boron nitride-reinforced
Ni-P composite coating offers better wear resistance and
friction coefficient under higher working temperature condi-
tions due to its higher decomposition temperature (3000 °C)
when compared to PTFE (300 °C) [15]. Mohammad Islam
experimentally confirms that microhardness of the copper
substrate improved to 148% by using the medium phospho-
rus Ni-P-SiO, coating formed at the optimum concentration
of Si0, (2 g/L). Embedded SiO, particles refine the nodular
structure and avoiding the porosity of the coating results in
an increase in microhardness and corrosion resistance of
the Ni—P coating in 4 wt% of NaCl solution for 2-4 weeks
[16]. D. Dong found that higher surface area of SiO, par-
ticles increases the deposition rate of Ni-P-SiO, coating
compared to Ni—P coating. SiO, particles retard the plastic
deformation of the Ni matrix, which results in an increase
in the microhardness of the Ni-P-SiO, coating due to as-
deposited condition. Formation of crystalline nickel and
nickel phosphide at 400 °C annealing temperature improves
the microhardness of the composite coating [17]. M Alishahi
reported that higher load transfer capability of CNTS results
in the higher microhardness of the Ni-P-CNT coating.
Formation of rich phosphorus film in 3.5% NaCl solution
avoids the dissolution of Ni atoms at the contact surface,
which improves the corrosion resistance [18]. Cheng-Kuo
Lee confirms that the corrosion resistance of the Ni-P-TiO,
coating is decreased due to decrease in phosphorus content
by the addition of TiO,. Addition of CNT increases the
phosphorus content, which results in better corrosion resist-
ance of the Ni-P-CNT coating [19]. J. N. Balaraju confirms
that embedding the higher dispersion strengthening effect
of Si;N, nanoparticles into the Ni—P lattice improves the
hardness of the Ni—P coating by 10%. Phase transmission
of the coating at 400 °C results in a 22% improvement in
microhardness of the coating [20]. On the basis of literature
survey undertaken, it is revealed that very few studies have
been reported on electroless Ni-P—SiC composite coatings.
Present investigation focuses on the effect of SiC nano parti-
cles concentration and post heat treatment process on micro
hardness and corrosion resistance of the Ni-P—SiC compos-
ite coating on mild steel substrate.

2 Materials and Methods
2.1 Sample Preparation

Mild steel widely used for various engineering applica-
tions is considered as a substrate material with dimen-
sions 15 mm X 15 mm X 2.5 mm. The substrate mate-
rial is mechanically polished with different grades
(100,220,320,420) of SiC grid papers to achieve the same
average surface roughness. The substrate is decreased

@ Springer

in the soap solution and activated in 10% HCI solution
before submerging into the electroless bath. The substrate
is rinsed with distilled water after every step of the pre-
treatment process. The substrate is immersed in the elec-
troless bathe after the pretreatment process. Electroless
bath composition and operating conditions are shown in
Table 1. To form the composite coating, various amounts
of SiC (1-3 g/L) nanoparticles are added to the electroless
bath using an ultrasonicator.

2.2 Coating Process

Initially, substrate material dipped into the solution for
90 min to deposit Ni—P alone after that it was shifted
to nano-SiC particle-added solution for further 90 min.
Solution volume was maintained at 150 ml and indirectly
heated with an oil bath and hot plate throughout the coat-
ing process. A thermocouple was used to maintain the
constant temperature throughout the plating process. Heat
treatment process was carried out on the coated substrate
at 400 °C for 1 h. Schematic representation of the coating
process is shown in Fig. 1.

2.3 Analysis of the Coating

Post-heat-treated and deposited conditions of the coating
structure was assessed by using X-ray diffraction patterns.
Surface morphology and elemental composition of the
coating was analyzed by using scanning electron micro-
scope (SEM) with EDX attachment. Coating microhard-
ness was measured by considering the five mean values
of indentations at different locations, performed using
Vickers hardness tester with a 100 g load and 10 s dwell
time. Potentiodynamic polarization technique is used to
measure the corrosion resistance of the coating in 3.5%
of NaCl solution.

Table 1 Chemical composition and plating parameters

Coating bath composition Concentration (g/L)

Nickel chloride 40

Sodium hypophosphite 20

Tri sodium citrate 25
Ammonium chloride 50

SDS 0.6

SiC 1-3
Temperature 88 (2 °C)
pH 4.5-5.5
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Fig.1 Steps followed in the
electroless coating

Preparation of
chemical bath

3 Results and Discussions
3.1 XRD Analysis

XRD patterns of Ni—P and Ni—P-SiC coating in as-plated
and heat-treated conditions are shown in Fig. 2. XRD pat-
tern confirms that the Ni—P samples show a little amorphous
nature with a broad diffraction peak at 20 =44.92 corre-
sponding to the Ni content. XRD patterns of the post-heat-
treated Ni—P coating exhibit three sharp peaks observed at
20=44.98, 65.22, and 82.51, indicating the crystallization
of the coatings, which confirms the phase transmission from
amorphous Ni to crystalline Ni;P. Heat treatment at 400 °C
causes the phosphorus segregation at grain boundaries. Ni
atoms present in the matrix reacts with phosphorus, which
results in the precipitation of crystalline NizP [21]. More
crystalline peaks correspond to the mixed phase of SiC,
NiO, and Ni;P observed in Ni-P-SiC coating. High-intense
diffraction peaks corresponding to hexagonal crystalline
SiC, FCC NiO, and crystalline Ni;P are observed in the
heat-treated Ni-P-SiC coating. XRD pattern peak intensity
confirms the degree of crystallinity, and higher intense peaks
mean higher the degree of crystallinity [22].

The diffraction peaks observed at 260 =37.54, 42.89, and
79.84 can be indexed to the planes (1 1 1), (200), and (22
2) of (FCC) phase of NiO, respectively, which are well con-
sistent with the standard JCPDS card (47-1049). Crystalline
nickel phosphide (Ni;P) phase peaks at 20 are acknowledged
from JCPDS card 65-2778 as 43.94, 45.61, 46.39, 51.70,
53.18, 61.38, 67.01, 68.06, 81.87, 86.68, and 90.14 with the
planes of (112),(420),(202),(222),(312),(332),(1
61),(512),(730),(343),and (2 8 0), respectively. Dif-
fraction peaks identified at 20=35.6, 41.5, 60.06, 71.78, and
75.26 can be indexed to the planes (1 1 1), (200),(220), (3
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preparvation and
submerging

L

(b) ’

Intensity (CPS)

=
—

T T T
20 30 40 50 60 70 30 90
Position ("2 Theta)

Fig.2 X-ray diffraction patterns of a Ni—P-coated sample b Ni—P post
heat treated at 400 °C ¢ SiC co-deposited Ni—P as coated d Ni-P-SiC
post heat treated at 400 °C for 1 h
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1 1), and (2 2 2) of hexagonal crystalline SiC, respectively,
and these are acknowledged from JCPDS card 29-1129.
Diffraction peaks corresponding to the SiC confirm the co-
deposition of SiC nanoparticles with in the Ni—P lattice.

3.2 SEM Analysis

Surface morphology of the electroless Ni—-P and Ni—P-SiC
coatings formed in the presence of 1 g/L, 2 g/L,, and 3 g/L
SiC nanoparticles is shown in Fig. 3. The morphologi-
cal difference between the Ni-P and Ni—P-SiC coating is
observed significantly. Reinforcement of SiC refines the
grain structure of the Ni—P matrix. Density of co-deposited
SiC particles which increases with increasing the particle
concentration in the electroless bath results in better sur-
face morphology. Uniform distribution of SiC nanoparticles
in the Ni-P lattices is observed up to 2 g/L concentration
of SiC beyond this result agglomeration of the particles
in the coating. This was confirmed by identifying the

1
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agglomeration sites formed in Ni-P-SiC (3 g/L) coating as
shown in Fig. 3d.

3.3 Energy dispersive spectroscopy (EDS) Analysis

Percentage of element composition of Ni-P-SiC coating
obtained at various amounts of SiC nanoparticles in the elec-
troless bath is shown in Table 2. Presence of phosphorus
and nickel decreases with increasing the SiC concentration.

Table 2 Elemental composition of the composite coatings at various
solid contents of SiC nanoparticles

Coating Ni (wt%) P (wt%) Si (wt%) C (wt%)
Ni-P 87.78 12.22 - -
Ni—-P-SiC(1 g/L) 70.68 8.28 2.73 18.31
Ni—-P-SiC(2 g/L) 68.79 7.61 3.69 19.91
Ni-P-SiC(3 g/L) 67.52 6.70 4.50 21.28

EHT =10.00 kV
WD = 80mm

Mag= 1000 KX
Signal A= SE1

Date :11 Jun 2018 [Ses PHYSICS
Time 170834 ou

EHT = 10.00 kv
WD =11.0 mm
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Fig. 3 SEM images of a Ni—P coating b Ni-P-SiC (1 g/L) coating ¢ Ni-P-SiC (2 g/L) coating d Ni-P-SiC (3 g/L)
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Presence of silicon (Si) and carbon (C) confirms the co-
deposition of SiC in the Ni—P matrix. Increase in Si and
C percentage confirms the higher deposition of SiC nano-
particles in the coating. Around 6-9 wt% of phosphorus in
the Ni—P-SiC coating confirms it is a medium phosphorus
coating.

EDS spectra of Ni—P and Ni—P-SiC coating formed at an
optimum concentration of SiC (2 g/L) particles are shown
in Fig. 4.

3.4 Micro Hardness of the Coating

The surface microhardness of Ni-P and Ni—P-SiC coating
formed at various amounts of SiC nanoparticles is shown
in Fig. 5. Uniformly distributed embedded hard ceramic
nanoparticles with good adhesion to the Ni—P matrix retain
the plastic deformation of the matrix, which results in the
increase in microhardness of the composite coating [23-25].
Co-deposition of SiC nanoparticles into the Ni—P matrix
retains the plastic deformation of the coating which results
in increase in microhardness of the Ni-P composite coating.
The microhardness of the Ni-P-SiC coating increases, when
the SiC nanoparticle concentration in the bath increases from
1 g/Lto 2 g/L and 3 g/L. Maximum microhardness value of
713HV is observed in the coating formed at 2 g/L concentra-
tion of SiC nanoparticles in the bath. Limited capability of
the softer Ni—P matrix to support the particles and increase
in distance between the particles due to agglomeration at
higher concentration of particles decrease the dispersion
hardening effect, which results in the decrease in microhard-
ness of the composite coating [26-28]. Nonuniform distri-
bution and agglomeration of SiC nanoparticles observed in
the coating formed at 3 g/L concentration result in decrease
in microhardness of the coating. Heat treatment process
carried at 400 °C improves the microhardness of the Ni—P
and Ni—P-SiC coatings. The phase change from the amor-
phous structure into the hard crystalline nickel phosphide
phase (NizP) at 400 °C annealing temperature enhances the
microhardness of the coating [29, 30]. Therefore Ni-P-SiC
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Fig.5 Micro hardness of the Ni—P and Ni-P-SiC coating in as-
coated and heat-treated condition

Micro Hardness

coating formed at 2 g/L. SiC concentration shows the high-
est microhardness value of 1194HV at 400 °C annealing
temperature. The phase change of the coating confirmed by
the XRD pattern of the composite coating is shown in Fig. 2.

3.5 Corrosion Behavior of the Composite Coating

As-coated conditions of Ni-P and Ni—-P-SiC coatings’
potentiodynamic polarization curve in 3.5% NaCl solution
are plotted in Fig. 6. Current density (E ) vs Current
potential (i) plots are used to characterize the corrosion
behavior of the coating. The E_, and the i, are obtained
from cathodic and anodic Tafel curves extrapolation.
E., value of Ni-P coating is shifted to positive direc-
tion by the addition of nano-SiC particles in electroless
bath which confirms the increasing corrosion resistance
of the coating. Lower corrosion current density confirms
the lower dissolution rate and higher corrosion resistance
of the coating [31-33]. One of the reasons for better cor-
rosion resistance of the Ni—P coating is the formation of
hypophosphite film by the oxidation of phosphorus in

kew|Full Scale 715 cts Cursor: 0,000 ke

Fig.4 a EDS spectra of Ni-P coating; b EDS spectra of Ni-P-SiC coating
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Fig.6 Polarization curve for Ni-P and Ni-P-ZnO in as-deposited
condition

the Ni—P coating, which prevents the interaction of water
molecules with Ni, hindering the hydration of nickel
[34]. Effect of SiC nanoparticles in the electroless bath
on the corrosion resistance of the composite coating is
studied by varying the SiC concentration in the bath from
1-3 g/L. Increase in SiC concentration in the bath up to
2 g/L increases the corrosion resistance of the coating due
to the uniform distribution of SiC particles in the coat-
ing, which fills the pore present in the Ni—P matrix and
lowers the metallic area to corrosion [35-37]. Increase
beyond 2 g/L SiC concentration in the bath decreases the
corrosion resistance of the coating. The coating formed
at a higher concentration of SiC (3 g/L) particles in the
bath destroys the closed pack structure of the Ni—P lat-
tice which causes the increase in porosity, resulting in the
decrease in electrode potential of the coating [38—40].
Therefore, composite coating formed at 3 g/L SiC concen-
tration in the bath shows minimum corrosion resistance.

Corrosion behavior of the Ni-P-SiC coating after heat
treatment process is also studied; heat treatment process
is carried at 400 °C for 1 h. Corrosion potential and cur-
rent densities of the composite coating in as-deposited
and heat-treated conditions are listed in Table 3. Accord-
ing to polarization curves, shifting of corrosion potential
in noble direction after heat treatment process is shown
in Fig. 7, which confirms the better corrosion resistance
of the post heat-treated Ni—P—SiC coating. Heat treatment
process improves the corrosion resistance of the coating
due to phase change from an amorphous to crystal struc-
ture Ni;P and development of more corrosion resistance
phase [28, 41]. Formation of the Ni;P and phase transfer
from amorphous to crystal structure are confirmed by
XRD analysis.

@ Springer

Table3 E_, and i, values obtained from the electrochemical polar-
ization curves
Type of coating As coated Heat treated at 400 °C
for1h
Ecorr (mV) icorr (pA/cmz) Ecorr (mV) icorr (pA/cmz)
Ni-P —437 2.15x1072 —359 4.16x1073
Ni-P-SiC (SiC ~ —353 7.40x1073 —317 8.69x107*
1 g/L)
Ni—P-SiC (SiC —268 5.55x107 =215 1.53x107*
2glL)
Ni-P-SiC (SiC ~ —367 4.53%x1072 =321 4x1073
3¢g/L)

4 Conclusions

Electroless Ni-P and Ni—P-SiC coatings were success-
fully formed on the mild steel substrate by using sodium
hypophosphite, which reduced electroless nickel bath. The
detailed experimental procedures discussed and the conclu-
sions of the present work are summarized below.

e Microhardness of the Ni-P-SiC coating improved by
increasing the SiC nanoparticles concentration in the
electroless bath. The optimal concentration of SiC nano-
particles in the 2 g/L bath was found to obtain maximum
microhardness.

e Maximum microhardness of the Ni-P-SiC coating in as-
deposited condition is 713HV. The highest microhard-
ness value 1194HV is achieved after heat treatment pro-
cess due to phase change from amorphous to crystalline
nickel and Ni;P.

e Polarization studies confirm that Ni-P-SiC coating
showed better corrosion resistance for mild steel sub-

T T
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©
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Fig. 7 Polarization curves for Ni-P and Ni—P-SiC post heat-treated
condition
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strate. SiC concentration in the electroless bath higher
than 2 g/L results in a negative effect on the corrosion
resistance of the coating.

Presence of SiC particles in electroless bath up to opti-
mum level perfectly fills the pores present in the Ni—P
lattice, which decreases the electrochemically active area
of composite coating surface resulting in increase in cor-
rosion resistance. Positive shifting of corrosion potential
in noble direction after heat treatment process confirms
the increase in corrosion resistance due to phase change.
Decrease in microhardness and corrosion resistance is
observed in the coating formed at higher concentration of
SiC (3 g/L) nanoparticles in the bath due to agglomera-
tion of the nanoparticles.
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