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Abstract: Ni-Co;0, composite coatings were electrodeposited on mild steel surface from a Watts-type bath in the presence of
sodium lauryl sulfate (SLS). The dispersed Co3;0, particles in the presence of SLS have a greater tendency to move towards cathode
and get incorporated in the coating. SLS modifies chemical composition, surface morphology and microstructure of the
Ni—Co;0, composite coating. The developed composite coating exhibits higher corrosion resistance and microhardness than the pure
nickel coating. The loadings of bath solution with different concentrations of Co;0, particles in the presence of SLS provide
hydrophobic nature to the coating surface, which is much effective in enhancing the corrosion resistance of Ni—Co;04 composite
coating. The agglomeration of Co;0, particles (>3 g/L) under high bath load condition develops defects and dislocation on the
coating surface, which results in lower corrosion resistance of the deposit. The mechanical properties of the hydrophobic coatings

were assessed by the linear abrasion test.

Key words: nickel electrodeposition; cobalt oxide; composite coating; microstructure; corrosion resistance; microhardness

1 Introduction

Electrodeposition is the most widely used, cost
effective technique for the preparation of nickel matrix
composite coating due to its precise controlled operation
and low operating temperature at normal pressure [1]. In
recent years, nickel has been extensively used to develop
metal-matrix composites coating with different types of
micron- and nano-sized particles because of its high
hardness, corrosion resistance, anti-friction and wear
resistance properties [2—5]. The nickel composites are
good alternative for hard chromium coating and used in
automobile industries.

Nickel coatings obtained from Watt-type bath
exhibit low internal stress and good ductility, hence,
Watt-type electrolytes are usually employed in nickel
electrodeposition [6,7]. The insoluble solid particles are
suspended in nickel plating bath, and during composite
coating solid particles get embedded into nickel matrix.
The incorporation of nickel into matrix plays an
important role in improving the anticorrosion and
mechanical properties of the coating by modifying its

chemical composition and microstructure [8—10].

In order to improve the properties of the deposit,
homogeneous reinforcement of large number of particles
is required. The concentration of embedded materials
depends on the dispersion of particles in the electrolyte
and their migration to the cathode surface. Due to higher
surface energy of nanoparticles, these readily tend to
agglomerate in the electrolyte. The capture of particles in
coating and dispersion of particles in the electrolyte are
controlled by agitation as well as the use of surfactant.
The addition of surfactant is found to be more effective
for enhancing the dispersion of particles in electrolyte
and insertion of particles into the composite coating [11].

Various types of particles, such as metal oxides
(TiO,, Si0,, Al,04, and Co;0,), metal sulphides (MoS,),
metal carbides (SiC, WC), carbon nanotubes, graphene,
and diamond, have been used in nickel composite
electrodeposition [1—5]. The cobalt oxide (Co;0,) is an
antiferromagnetic solid with chemical formula written as
Co(II)Co(III),0,. It is stable in cubic spinel structure in
which Co(II) ions occupy the tetrahedral sites, and Co(III)
ions occupy the octahedral sites. The Co;04 particles are
useful in many fields like photocatalysis, electrochromic

Corresponding author: M. PANDURANGAPPA; E-mail: mprangachem@gmail.com

DOI: 10.1016/S1003-6326(19)65143-5



2372 K. O. NAYANA, et al/Trans. Nonferrous Met. Soc. China 29(2019) 23712383

devices, solid-state sensors, magnetism, solar energy
absorbers and energy storage devices [12—14].

The Co030, particles have been used for fabricating
the metal-matrix composite coating with zinc [15] and
nickel [16] metals. However, studies on the use of
surfactant in nickel plating bath solution to enhance the
Co030,4 particle dispersion and its incorporation into
nickel matrix were very limited. Additionally, no much
emphasis has been given for the study of the influence of
Co304 particles in the presence of surfactant on the
morphology, orientation and corrosion resistance of
developed Ni—Co3;04 composite coating.

In the present work, Co30, particles were
synthesized and used to fabricate Ni—Co;04 composite
coating by electrodeposition using surfactant sodium
lauryl sulfate (SLS). The composition, surface
morphology, microhardness and corrosion
resistance of the Ni—Co;04 composite coating were
investigated.

texture,

2 Experimental

The Co;0, particles were synthesized by sol—gel
method as per Refs. [17-19]. 3 g of CoCl,-6H,0 was
dissolved in 20 mL of 1:1 ethanol-water solution
through continuous mechanical stirring. Then, 50 mg of
cetyltrimethyl ammonium bromide (CTAB) was added to
this solution. Subsequently, 8.9 mL of propylene oxide
was added dropwise with continuous stirring for 2 h.
Then, it was allowed to stand for 4 h to form gel at room
temperature ((27+2) °C). The gel was washed with
minimum volume (3—5 mL) of ethyl alcohol three times,
and later it was dried at 80 °C for 12 h in a hot air oven
to remove the byproducts in the pore structure of the wet
gel. Then, the gel sample was heated at 400 °C for 3 h in
muffle furnace under air to obtain Co3;0, particles.

The mild steel plate (4 cm X 6 cm) and pure nickel
metal (5 cm % 6 cm) were respectively used as cathode
and anode in the deposition process. The mild steel
cathode surface was mechanically polished using 200,
1000, 2000 grades of waterproof emery papers and

Table 1 Plating bath composition and operating conditions

degreased with 10 wt.% NaOH solution. Afterwards, it
was immersed in 10 vol.% HCI to remove the dust and
rust. Plates were then washed in running water and
immediately transferred into the plating bath solution.
Ni—Co;04 composite coating was generated from bath
solution containing 1, 2 and 3 g/L of Co;0, particles.
The particles were dispersed in the plating bath by
magnetic stirring for 24 h at 200 r/min to confirm the
uniform dispersion of particles in the bath. The bath
constituents and operating conditions employed for the
development of coating are tabulated in Table 1.
Different codes used to identify the composite coatings
and plating baths are given in Table 1. The pure Ni and
Ni—Co304 coatings were fabricated by electrodeposition
technique using Watts-type bath with constant stirring at
200 r/min.

Zeta potentials (surface charge) of Co;04 particles
in aqueous medium (0.2 g/L SLS) as well as in bath
solutions (Table 1) were analyzed using Zeta PlusTM
zeta potential analyzer at 27 °C. The size distribution of
Co030, particles in plating bath was determined using
dynamic laser light scattering technique [20]. The
microscopy image of the as-synthesized Co;0,4 particles
was analyzed using FEI Tecnai T-20200 kV
transmission electron microscope (TEM) and FEI Co.
The morphologies of particles and the deposit were
analyzed by using field emission scanning electron
microscope (FESEM, model: LEO01530—VP, Zeiss,
Germany). Cos;0, particles incorporated in the coating
surface were analyzed using energy-dispersive X-ray
(EDX) technique. The X-ray diffraction (XRD) patterns
of Co;0, particles and composite coating were examined
by using PANalytical X’pert PRO powder XRD with
graphite monochromatized Cu K, radiation (/=
0.1540 nm) source.

In order to confirm the hydrophobic nature of
Ni—Co;0,4 composite coating, the water contact angle
(WCA) with coating surface was measured using optical
contact angle meter (OCA 30 from DataPhysics
Instruments GmbH, Germany). The contact angle of
water on the coating surface was measured by the sessile

Bath Constituent Concentration/(g-L™") Deposit code Operating condition
NiSO,-6H,0 300
Basic bath (BB) NiCl, 6H,0 48 N Anode: Pure nickel metal
H;BO, 40 Cathode: Mild steel plate
s 2
B, (without SLS) BB+C0,0, 2 NG, Current density: 4 A/dm
Stirring rate: 200 r/min
B, BB+SLS 0.2 NS Temperature: (27+2) °C
B; By+Co30,4 1 NSC, Plating time: 25 min
B4 B2+C0304 2 NSC2 pH 4
B5 B2+C0304 3 NSC3
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drop method [21]. The coating surface was exposed to air
and then 2 pL water droplets were placed on the coating
(solid/liquid/air system) from a syringe at a slow rate.
The images of water droplets on coating surface were
captured and processed using the 32-bit SCA 20
software.

The microhardness of the coating deposited at
4 A/dm® for 20 min was determined by using Vickers
indenter (FM—800 FUTURE-TECH). The dwell time
was 10 s with test load of 50 g. Five measurements were
performed at different locations on each coating surface
and the average value was reported as microhardness of
the coating. The mechanical durability of Ni—Co3;0,
composite coatings was evaluated by linear abrasion test
using 800 grit SiC sandpaper [22,23].

The corrosion resistance properties of the coatings
were analyzed by electrochemical method such as
Tafel polarization and electrochemical impedance
spectroscopy (EIS) methods in 3.5 wt.% NaCl solution
using electrochemical work station (CH Instruments,
model: 6194B, CHI, USA). Pure Ni and Ni—Co03;0,
composites coated mild steel surface with exposed
surface area of 1 cm’ acted as working electrode. The
saturated calomel electrode (SCE) and Pt wire (1 mm in
diameter) served as reference and counter electrodes,
respectively. Before each electrochemical measurement,
a coated specimen was immersed in 3.5 wt.% NaCl
solution for 30 min in order to establish steady-state open
circuit potential (OCP).

3 Results and discussion

The Co;0, particles were characterized by SEM,
XRD, EDX and TEM studies before their co-deposition
with nickel to electrodeposit Ni—Co3;04 composite
coating.

3.1 Characterization of Co;0, particles

The Co30, particles were characterized by XRD
and SEM analysis. The XRD pattern (Fig. 1(a)) shows
sharp diffraction peaks at 26 values of 19.0° (111), 31.3°
(220), 36.9° (311), 38.5° (222), 44.8° (440), 55.7° (422),
59.4° (511), 65.2° (440) and 77.34° (533) which
correspond to Co;04 particles given by the standard
JCPDS card No. 42—-1467. The average particle size of
the Co;04 particles was determined by Scherrer
equation [24] and it was found to be 57 nm. The SEM
image in Fig. 1(b) confirms that the prepared Co3;04
particles have square pyramidal geometry [18,19].

The microstructures of the Co;O4 particles have
been further examined by high-resolution TEM
(HRTEM) and SAED images (Fig. 2). SAED image in
Fig. 2(b) shows the well-defined circles inferring
crystalline nature of Co;0, particles which are also

confirmed by XRD and TEM (Figs. 1 and 2). The
well-ordered lattice fringes observed in Fig. 2(b) with a
spacing of 0.46 nm can be efficiently assigned to the
d-spacing of (111) plane of Co30, particles. In order to
analyze the chemical composition of the particles,
EDX spectrum (Fig. 2(c)) was obtained from EDX
spectrometer attached to the TEM instrument. EDX
spectrum confirms the presence of only cobalt and
oxygen elements in the prepared particles [18]. The mass
fractions of elements were found to be 69.37% Co,
2720% O and 3.43% C. This result indicates the
formation of Co3;0, particles.

(@)

G11)

(220)
(440)

3.2 Electrodeposition of Ni-Co;0, composite coating

At pH 4, zeta potential of Co;0O4 particles in
aqueous medium (without Ni*" and SLS) was found to be
12 mV. However, in presence of 0.2 g/ SLS, zeta
potential of the as-synthesized Co;0, particles dispersed
in aqueous medium was found to be 23.16 mV. The
particles dispersed in nickel plating bath solution B; have
surface charge of 38.45 mV_  These values were in
agreement with the reported literature [25]. The Co304
particles exhibit positive surface charge in electroplating
bath solution. The positive charge on the dispersed
Co;0; particles indicates that particles have a tendency
to move towards the cathode and get incorporated into
the growing nickel matrix.

The Co3;04 particles dispersed in electroplating bath
solutions B and B4 (Table 1) were diluted to 100 times
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Fig. 2 HRTEM (a), SAED (b) images and EDX spectrum (c) of
C030, particles

and stirred for a period of 24 h. The size distribution
in the composite electrolyte has been measured
immediately. Figure 3 displays the size distribution of
Co030, particles. Magnetically homogenized composite
electrolyte shows bimodal size distribution with different
populations of the particles. It produces polydispersed
colloidal system with polydispersity factor of 0.274 [20].
In the case of B; bath (without SLS) the Co;0, particles
are highly populated in the size range of 1700—2200 nm
with distribution up to 3100 nm, whereas in the presence
SLS, the maximum distribution of Co;0, particles was
observed at 570 nm and lower distribution was noticed at
780 nm. It can be noted that, the presence of SLS keeps
the Co30, particles in highly dispersed condition
compared to its absence, hence it promotes the de-
agglomeration of the particles in plating bath.
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Fig. 3 Size distribution of Co;0, particles dispersed in B; (a)
and B, (b) electroplating baths at pH 4

Volume fraction/%

PRAVEEN KUMAR et al [26] revealed that the
surfactant influenced the surface properties of the
particles dispersed in the plating bath. In aqueous
medium at pH 4, the Co;04 particles have been
surrounded by H" ions (Fig. 4(a)). Surfactant SLS alters
the surface charge and reduces the tendency of particles
agglomeration. The hydrophobic end of SLS molecule is
adsorbed on Co;0, particle, while the hydrophilic end
points towards the solution. The negatively charged
hydrophilic end of the SLS molecule is surrounded by H"
ion in the absence of nickel ions and it shows positive
zeta potential (Fig. 4(b)). The Co;04 particle undergoes
de-agglomeration when dispersed in nickel plating bath
solution containing SLS. The negatively charged
hydrophilic group of SLS molecule is attracted by Ni**
ion. Thus, more nickel ions are adsorbed on the surface
of Co;0, particles and exhibit higher positive charge
(Fig. 4(c)). These results confirm that the surfactant, i.e.
SLS, improves the dispersion of Co;04 particles in bath
solution and the particles have a tendency to move
towards the cathode and get incorporated in the coating.
3.2.1 SEM images and XRD patterns of composite

coating

The SEM images of pure Ni and Ni—Co;04
composite coatings obtained in the absence (N and NC,)
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and in the presence of SLS (NS, NSC,, NSC, and NSCj3)
are shown in Fig. 5. The pure Ni deposit shows large
granular structure with a large gap between the grains.
The surface of the Ni—Co;O4 composite coating is
compact and shows smaller grains compared to pure Ni
coating. In the presence of SLS, the surface of the
Ni—Co3;0,4 composite coating is more compact and
uniform with small gap between the grains. During the
deposition, the Co;O, particles are adsorbed on the
growing crystals which perturb the growth of nickel
matrix, resulting in a fine and compact micro-
structure [24—26]. SEM images of composite coatings
(NSCy, NSC, and NSC;3) obtained in the presence of SLS
are shown in Figs. 5(d—f). This confirms the
incorporation of Co;0;, particles in the nickel matrix and
both phases are homogeneous. The higher incorporation
is noticed in NSC, coating loaded with 2 g/L. Co30,
particles (Fig. 5(e)). Figure 6 displays the SEM cross-
sectional images of nickel coating obtained from NC,
and NSC, baths. It can be seen from cross section that
coatings are uniform and well adhered to the steel
substrate, without pores and cracks.

The wettability of Ni and Ni—Co;0O4 coating
obtained in the absence and the presence of SLS was

2375

investigated. In the absence of SLS, the water contact
angles (WCA) of pure Ni and Ni—Co3;04 composite
coating were found to be 89° and 92° (Figs. 5(a) and (b)),
respectively. Whereas in the presence of SLS pure nickel
coating shows WCA of 84°, further with loading of
electrolyte using 1, 2 and 3 g/L of Co;0, particles, water
contact angles on coatings increased to 105°, 110° and
116°, respectively (Figs. 5(d—f)). These studies confirm
the hydrophobic nature of the developed composite
coating in the presence of SLS. LIU et al [27] suggested
that regular and compact surface morphology is
beneficial to the increase of water contact angle.
Composite coatings (NSC;, NSC, and NSCj3) derived in
the presence of SLS show the compact and regular
arrangement of finer granules compared to pure Ni
coating. Thus, hydrophobic nature of the developed
composite coating derived in the presence of SLS is
closely related its surface morphology.

The influence of SLS on the composition of
Ni—Co3;04 composite coating was analyzed by EDS. The
EDS analysis confirms the presence of Ni and Co
elements in the composite coating. NC, coating derived
in the absence of SLS shows 2.8 wt.% Co;0, particles
incorporation, whereas NSC, composite coating obtained

H* H* H* Ni2* N
0 o H 0 (=) QNi2+
H* Q Ni2+0 .
(b) ©

Fig. 4 Schematic representation of Co;0, particle surface in aqueous medium in the absence (a) and presence (b) of SLS and in bath

By (c)atpH 4

Fig. 5 SEM images and water contact angle graphs of N (a), NC, (b), NS (c), NSC, (d), NSC, (e) and NSC; (f) composite coatings
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Fig. 6 SEM images of cross sections for NC, (a) and NSC, (b)
composite coatings

in the presence of SLS contains 4.2 wt.% Co304 particles.

Thus, particles incorporation is higher in the presence of
SLS, which is attributed to higher dispersion of particles
in the plating bath (Fig. 3). Figure 7 displays the
variation of mass fraction of Co;0, particles in coating
as a function of concentration of Cos;0, particles in the
bath. The mass fraction of particles incorporated into the
composite coating increases with the increase of particle
loading in the bath up to 4.2 wt.% at 2 g/L of Co;0,4
particles (NSC,) and thereafter it decreases [16]. During
deposition, the adsorption of particles on cathode surface
from plating bath increases with the increase in particle
concentration up to certain concentration limit, above
which the agglomeration of particles takes place in bath
solution. This property is responsible for the decrease in
the particles content of the plated composite coating [28].

In order to investigate further, XRD analysis was
carried out for pure Ni and Ni—Co;0, composite coatings
in the absence and presence of SLS (Fig. 8(a)). The
diffraction peaks correspond to the FCC structure of
nickel. All coatings show characteristic nickel peaks at
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Mass fraction of Co;0, in coating/%

1.0r

0 1 2 3
Co,0, concentration in plating bath/(g-L™")

Fig. 7 Variation of mass fraction of Co;04 particles in coating
as function of concentration of Co;0, particles in bath
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Fig. 8 XRD patterns (a) and R7TC values as function of

crystallographic planes (b) of Ni and Ni—Co;0, composite

~

coatings derived in the absence and presence of SLS

(111), (200), (220), (311) and (222) crystallographic
planes with different intensities (JCPDS card No.
70-0989). The XRD peak corresponding to Co;O4 was
not observed due to lower amount of the insertion of
dispersed Co;04 particles. The crystallite sizes of
coatings were calculated by using Scherrer equation
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(FWHM of prominent (111), (200) and (220) reflection
peaks) [29]. The average crystallite sizes of N, NC,, NS
and NSC, coatings were found to be 43.85, 41.17, 42.7
and 39.2 nm, respectively. The crystallite sizes confirm
that the Ni—Co;04 composite coatings obtained in the
presence of SLS show smaller grain size than other
coating.

The preferred orientation of the deposits was
determined by calculating the texture coefficient, TC(hkI),
and the relative texture coefficient, RTC(hkI) as
follows [30,31]. The ratio of peak intensity (%k/) to the
sum of the intensities of all XRD peaks of nickel
electrodeposit, R(kkl), is calculated by using Eq. (1):

R(hkl) =4[(ﬂ

(ki)

x100% (1

where I(hkl) is the peak intensity of nickel electrodeposit
and Z[ is the sum of the intensities of four main
nickel reflection peaks (111), (200), (220) and (311).

The texture coefficient TC(hkl) of each reflection
peak is defined by

R(hkI)

TC(hkT) =— ()
S

()

where Rs(hkl) is defined in the same way as given by
Eq. (1), but related to standard nickel sample (JCPDS
card No. 70—0989) [29]. More precise quantitative
information about the absolute reflection intensity of
XRD peaks can be derived from texture coefficient. The
R, Rs and TC(hkl) values calculated for (111), (200), (220)
and (311) planes are given in Table 2.

Finally, the relative texture coefficient, RTC(hkl), is
given by Eq. (3):

RTC(hkl) = M

D TC(hkil;)

x100% (3)

The RTC(hkI) coefficient describes the reflection
intensity (hkl) relative to the standard nickel sample
(included in the TC values).

The determined RTC(hkl) values are shown as bar
diagram in Fig. 8(b). Since four reflection peaks of (111),
(200), (220) and (311) were used in the analysis, the
RTC(hkl) value greater than 25% confirms preferred
orientation of the deposit. A majority of the crystals were
oriented parallel to (111) and (200) planes in the case of
pure Ni and Ni—Co3;0,4 coatings derived in the absence of
SLS. Thus, (111) and (200) are the preferred orientations
of N and NC, coatings, respectively. RTC values of (111)
and (200) planes are slightly higher in composite NC,
coating compared to those in the N coating. In the
presence of SLS, pure nickel coating (NS) shows 38.33%
crystals along (200) plane, thus (200) is the preferred
orientation of the deposit [32]. Whereas, in composite
coating the 7C value of (220) plane increases with the
increase of Co;0, particles concentration in the plating
bath. The maximum 7C value of 44.08% was observed
in NSC, coating loaded with 2 g/L particles and RTC
value decreases with further increase in particle
concentration to 3 g/L. The maximum RTC value for
(220) plane confirms that (220) is the preferred
orientation of the Ni—Co3;0, composite coatings derived
in the presence of SLS [33]. Thus, the presence of SLS
alters the preferred orientation of the composite coating
from (200) to (220). The SLS increases the dispersion of
Co030,4 particles in the plating electrolyte and hence
improves the adsorption of particles on the coating
surface, thereby exhibiting a shielding effect by
surrounding the growth center to modify the direction of
the crystal growth and increasing the nickel deposition
over-potential which results in the change in preferred
orientation of the deposit. Thus, the presence of SLS
promotes the growth of crystals along (220) plane in
Ni—Co30,4 composite coating. (220) plane is a lower
surface energy plane formed at higher deposition
over-potential [34,35].

3.2.2 Abrasion resistance

The micro- and nano-structures are important for
hydrophobic nature of coating, but such surfaces are
more vulnerable to mechanical abrasion. Hence, TIAN
et al [22] suggested a method to evaluate the mechanical
permanence of hydrophobic coatings by adopting linear
abrasion test. A simple, available, wear-test method was

Table 2 Values of R(4kl) and TC(hkl) calculated for Ni and Ni—Co;0, composite coatings obtained in the absence and presence of

SLS
RI% TC

Plane Rs/%

N NC NS NSC, NSC, NSC; N NC NS NSC; NSC, NSC;
(111) 56.96 57.69 51.16 53.86 42.03 51.73 54.64 1.042 1.056 0939 1.014 0.769 0.947
(200) 27.83 27.81 33.26 24.76 26.52 24.75 22.95 1.213  1.211 1453 1.110 1.154 1.080
(220) 6.72 7.00 7.18 12.68 23.76 16.57 1147 0586 0.611 0.628 1.140 2.070 1.440
(311) 8.49 7.50 8.40 8.70 7.69 6.95 1094 0.777 0.654 0.771 0.818 0.703 0.640
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employed to assess the mechanical durability of the
hydrophobic Ni—Co;0,4 composite coatings derived in the
absence (NC,) and presence (NSC,) of SLS [23]. The
experimental setup used to conduct linear abrasion test is
shown in Fig. 9. The coatings were abraded using pin on
disc tribometer (Ducom, Bengaluru) in linear mode. The
pin (8 mm) surface covered with 800 grit silicon carbide
sandpaper was used as an abradant. The abradant moved
on the stationary coated sample and no lubricant was
used. The tests were carried out at (27+2) °C and 1 Hz
without applying any load. After abrasion for a distance
of 1.2 m, the water contact angles with coatings were
maintained at around 86° (NC,) and 107° (NSC,). The
SEM images of hydrophobic Ni—Co;04 composite
coating obtained in the absence and presence of SLS
after abrasion for 2.4 m are displayed in Fig. 10. The
prominent micro- and nano-structures are worn and
scratches are observed on the coating surface. The water
contact angle drops to 79° in the case of NC, coating and
100° in the case of NSC, coating after abrasion distance
of 2.4 m. Further, when abrasion distance is 3.6 m the
water contact angle decreases to 73° for NC, and 95° for
NSC,; coatings. The hydrophobic nature of the coating
reduces with abrasion. The Ni—Co3;0,4 coating derived in
the presence of SLS maintains its hydrophobic nature up
to abrasion distance of 3.6 m whereas NC, coating
obtained in the absence of SLS loses its hydrophobic
nature at a abrasion distance of 1.2 m.

Ni—Co;0, coating

Mild steel substrate

Fig. 9 Schematic representation of experimental setup for linear
abrasion test

3.2.3 Microhardness

Ni and Ni—Co30, coatings derived in the absence of
SLS at test load of 0.5 N show microhardness of HV 315
and HV 480, respectively. The higher hardness of
Ni—Co3;0,4 composite coating compared to pure nickel
coating is attributed to incorporation of particles into
nickel matrix. The microhardness values of the pure Ni
and Ni—Co;04 composite coatings derived in the
presence of SLS and different concentrations of Co;04
(03 g/L) are given in Fig. 11. The Vicker microhardness
values of nickel coating with 1, 2 and 3 g/L Cos;0,
particles are found to be HV 570, HV 623 and HV 485,

Fig. 10 SEM images of hydrophobic Ni—Co;0, composite
coating after abrasion distance of 2.4 m: (a) NC,; (b) NSC,

700

600 r

500 -
400
300} I
200
NS

NSC, NSC, NSG,

Microhardness (HV)

Fig. 11 Microhardness of different coatings

respectively. The hardness is higher for all Ni—Co;0,
composite coatings compared to Ni coating. In the
presence of SLS, higher incorporation of Co;0, particles
in nickel matrix results in higher microhardness of the
Ni—Co3;0,4 composite coating (Fig. 5). The less particle
incorporation in bath loaded with 3 g/l Co304 particles
results in the decrease in microhardness of NSCj coating
compared to NSC, deposit.

The increase of hardness is due to the
dispersion-strengthening and grain filling effects caused
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by higher incorporation of Co;04 particles in nickel
matrix in the presence of SLS. Nickel carries the load
and particles obstruct the dislocation movement.
Strengthening is attained as particles control the metal
matrix deformation by restraint
(Orowan mechanism) [36]. The higher dispersion of
Co030y particles in the presence of SLS increases the

adsorption on cathode surface which enhances the

nanomechanical

nucleation rate and hinders grain growth, thus resulting
in the decrease of grain size of the deposit. The grain
refinement also impedes the dislocation motion, which
results in the increase of microhardness of the composite
coating (Hall-Petch relation) [37].
3.2.4 Electrochemical corrosion

In order to evaluate the corrosion performance of
developed Ni—Co3;0, composite coating, electrochemical
corrosion studies were carried out in 3.5 wt.% NaCl
solution.
3.2.4.1 Tafel plots

The influence of Co;0, particles on the corrosion
behavior of nickel deposit obtained in the absence and
presence of SLS was analyzed by Tafel polarization
studies. The polarization measurements were carried out
in the potential range from —0.2 to 0.2 V using 3.5 wt.%
NaCl solution. The Tafel plots of pure Ni and Ni—Co;0,
composite coatings are given in Fig. 12. The corrosion
parameters such as corrosion potential (¢.o), corrosion
current density (J.on), corrosion rate (CR) and
anodic/cathodic Tafel slopes (f, and f.) derived from
each Tafel plot are tabulated in Table 3.
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Fig. 12 Tafel plots for coatings in 3.5 wt.% NaCl solution

Table 3 shows that Ni—Co;04 composite coatings
derived in the presence of SLS exhibit higher corrosion
potential and lower corrosion current density than other
coating. This indicates the nobler character of Ni—Co0304
composite coating derived in the presence of SLS.

SEM images of Ni and Ni—Co30, coatings derived
in the presence of SLS obtained after Tafel study are

Table 3 Corrosion parameters from Tafel plots

Sample Pon(SSCEY ! B B/ CRI

M (A-em?) V' V' (ugh)
N —0.489 1569 625 747 1718
NC, —0.470 1252 7.00 10.60 1.371
NS —0.417 0.5957 1037 11.58 0.652
NSC; —0.386 0.4887  10.60 13.75 0.535
NSC, —0.282 0.232 1127 2422 0.252
NSC; —0.356 0.644  9.16 1498 0.715

shown in Fig. 13. The pure Ni coating derived in the
presence of SLS (NS) possesses defects, large gap and
micro-cracks between the grains that assist the diffusion
of corrosion medium into coating, thereby accelerating
corrosion at active sites [38]. Hence, localized corrosion
with higher deterioration of coating is noticed on the
SEM image of the pure nickel (NS) coating obtained
after Tafel studies (Fig. 13(a)). During the
electrodepositon of Ni—Co;04 composite coating
obtained in the presence of SLS, the incorporation of
Co;0;4 particles is larger, which fills the defects, gap
between the grains and micro-cracks. This leads to the
decrease of number of active sites for Ni dissolution,
thus preventing the internal diffusion of corrosion
medium into coating and reducing corrosion current
density. Hence, the developed Ni—Co;04 composite
coating derived in the presence of SLS is highly stable,
intact and exhibits good protection against corrosion as
observed in SEM image (Fig. 13(b)) [36].

Fig. 13 SEM images of pure Ni (a) and Ni—Co;04 (b)
composite coatings derived in the presence of SLS after Tafel
test in 3.5 wt.% NacCl solution
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The corrosion resistance of Ni—Co;04 composite
coating derived in the presence of SLS increases with
Co;04 particles loading in bath. Higher corrosion
resistance is noticed for NSC, composite coating derived
from 2 g/ Co;04 particles loaded to the bath. When
3 g/L particles are loaded to bath the NSC; coating
obtained shows less corrosion protection (lower ¢ and
higher J.,;) than NSC; and NSC, coatings. At higher
load, the agglomeration and nonuniform distribution of
Co03;0, particles create chemical heterogeneity in the
nickel matrix, resulting in the acceleration of corrosion in
NSC; coating.
3.2.4.2 Electrochemical impedance spectra

The corrosion behavior of composite coating
was investigated by non-destructive electrochemical
impedance spectroscopy (EIS). Impedance measurements
were carried out at OCP in the frequency range from
10 mHz to 100 kHz with a 5 mV sine wave as an
excitation signal. The experimentally determined
impedance data were analyzed using ZSimp-Win 3.21
software by fitting with a suitable equivalent circuit. The
data were represented as Nyquist (—Z" versus Z') and
Bode (|Z]/phase angle versus frequency) plots as shown
in Fig. 14. The proposed electrically equivalent circuit
(EEC) for impedance analysis is given in Fig. 14(d). It
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contains a charge transfer resistance (R.) which is
parallel to CPE (constant phase element), Qg, both of
which are in series with solution resistance (R;). The
proposed equivalent circuit is a simple charge transfer
controlled model for corrosion system (single semicircle).
The impedance parameters derived from fitting the data
using ZSimpWin 3.21 software are tabulated in Table 4.

The CPE is used in the electrically equivalent
circuit instead of capacitors due to roughness and
nonhomogeneity of the coating surface. The impedance
of CPE is given by Z(jw)=0 '(jw) ", where Q is a CPE
constant independent of frequency, w is
frequency, j=\/—_1, and » is an exponential index. n=1
gives a real capacitive sense to electrical element and
n<l shows non-uniform distribution of current due to
surface defects and surface roughness [39—41].

Table 4 confirms that Ni—Cos;0, composite coatings
derived in the presence of SLS exhibit higher charge
transfer resistance and lower double-layer capacitance
between deposit-solution (corrosion medium) interfaces
than other coatings. The R value of coating increases
with bath loading and it is higher for NSC, coating
derived at 2 g/l Co30, particle loading, further R value
decreases with the increase in particle concentration to
3 g/L Co304 (NSC;3). At higher bath loading, NSC;

angular
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Fig. 14 Nyquist (a), Bode phase angle (b) and impedance modulus (c) plots obtained for coatings in 3.5 wt.% NaCl solution and

corresponding equivalent circuit used to simulate recorded EIS data (d)
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Table 4 Electrochemical impedance analysis data

Sample Ry/(Q-cm?) R./(Q-cm®) Qg/(10°F-ecm™®)  ng

N 5.140 3258 4.742 0.910
NC, 5.180 5165 4.640 0.914
NS 5.910 6287 4.345 0.921

NSC, 7.462 12500 3.765 0.911
NSC, 4.787 16420 3.207 0.894
NSC; 5.992 14900 3.354 0.914

composite coating shows lower corrosion resistance with
smaller R, value than NSC; and NSC, coatings. This is
due to particles agglomeration in plating bath which
leads to non-uniform distribution of Co;0, particles in
coating which is in accordance with the results reported
by other authors [42,43].

The phase angle versus lgf plot is shown in
Fig. 14(b). All the coatings show a single phase angle
maximum of 80° which indicates that the process
involves single time constant. The behavior of coating is
capacitive, when resistance and/or capacitance is high,
then current density generally passes through the
capacitor and the phase angle would be close to 90°.
Figure 14(c) shows that |Z] value is higher for NSC,
composite coating derived from bath loaded with 2 g/L
Co030; in the presence of SLS and the observed trend is
similar to the results obtained from Tafel and Nyquist
plots analysis.

In the presence of surfactant SLS, the Co0;04
particles incorporation was higher and more particles
were incorporated in the nickel matrix during deposition.
The higher incorporation was observed in NSC,
composite coating. The incorporation of more number of
inert particles in the coating impeded the metal
dissolution by hindering the movement of electrons from
anode to cathode in corrosion cell. Furthermore, these
particles covered the pores formed in the coating, and
controlled corrosion. Thus, NSC, composite coating
exhibited higher corrosion resistance.

The morphological change makes the surface
hydrophobic, which hinders the contact of aqueous
corrosion medium (3.5 wt.% NaCl) with nickel coating,
which has an additional effect of enhancing the corrosion
resistance of composite coatings [44,45].

4 Conclusions

(1) The Ni—Co;04 composite coating was
successfully fabricated on mild steel surface in the
presence of SLS from a Watts type bath.

(2) The surface studies in the presence of SLS
confirm the formation of compact and finer nickel
granules with (220) preferred orientation and the surface

is hydrophobic in nature.

(3) The surfactant SLS enhances the co-deposition
of the Co;0, particles in the coating and higher
incorporation is observed when 2 g/L Co30, particles are
loaded into the plating bath.

(4) Composite thin film obtained in the presence of
SLS and 2 g/L Co;0, particles show good corrosion
resistance and high microhardness.

(5) The co-deposition of particles in nickel matrix
and hydrophobic nature of composite coating in the
presence of SLS improve the corrosion resistance
property of Ni—Co3;04 (2 g/L) composite coating.

(6) The microhardness of the nickel matrix is
enhanced by the higher incorporation of Co;0, particles
in Ni—-Co;04 (2 g/L) composite coating.

(7) The linear abrasion test confirms that the
hydrophobic property of Ni—Co;04 composite coating
deposited in presence of SLS is well retained at abrasion
distance of 3.6 m.
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