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HIGHLIGHTS

e Incorporation of Hafnium carbide nanoparticles within the Ni-P matrix to develop nanocomposite coatings.

o Coating improving surface hardness upto 40% in comparison to pure Ni-P coating.

e Corrosion resistance improved upto 95% for Ni-P-0.75 g/L HfC nanocomposite coating in comparison to the steel substrate.
e Reduction in the active area caused by inert HfC leads to the improvement in corrosion resistance properties.
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This work reports the development and characterization of Ni-P coatings with varying concentrations of hafnium
carbide nanoparticles (HCNPs). Novel Ni-P-HCNPs nanocomposite coatings were developed on the A36 carbon
steel by an electroless deposition technique. The effect of an increasing amount of HCNPs (0.25 g/L, 0.50 g/L,

;irc(:ﬁizsss denosition 0.75 g/L, and 1.00 g/L) on structural, compositional, microstructural, topographical, electrochemical and me-
Corrosion P chanical properties of Ni-P coatings was investigated. The structural (XRD, FE-SEM) and compositional analyses

EIS (EDX, XPS) confirm the successful incorporation of HCNPs into the Ni-P matrix. It is further noticed that the
quantity of HCNPs has a substantial impact on modifying the microstructural, surface, mechanical, and corrosion
resistance properties of Ni-P-HCNPs nanocomposite coatings. A comparative analysis of the properties of
developed coatings suggests that nanocomposite coatings containing 0.75 g/L HCNPs demonstrate the highest
improvement in hardness (~40%) and corrosion resistance (~95%) when compared to the Ni-P coatings. The
increase in hardness can be attributed to the dispersion hardening effect experienced due to the presence of
HCNPs. The improvement in the corrosion resistance properties can be ascribed to the reduction in the active
sites of the Ni-P matrix and the filling of the micro pores with HCNPs. The attractive properties of HCNPs
nanocomposite coatings provide an appealing option for their application in various industries such as aerospace,
automobile, electronic, and oil & gas industry.

1. Introduction

The increasing demand for clean water and sufficient energy drives
the rapid development of industries to fulfil these requirements. To
overcome these challenges, new industries are established using more
metallic components. Over time, metallic components tend to corrode
due to severe operating conditions and harsh corrosive environments.
This leads to a loss of performance and a decrease in efficiency,
increasing the cost of operation. Therefore, protection from corrosion is
essential for efficient utilization and prolonged component life. Surface
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modification of various categories is rigorously researched for the suit-
able and most appropriate corrosion mitigation strategies. Metallic
coatings are a class of such strategies where a thin film is applied to
protect the bulk material from corrosion and also provide better me-
chanical properties to enhance its life [1-3]. Nickel-based coatings are
reported to possess better properties in terms of corrosion, and hardness
values are even comparable to carcinogenic chromium coating, making
them an exciting option for replacing the chromium coating. Among
Nickel-based coatings, Nickel phosphorus coatings are well known for
their effectiveness in marine corrosion and are reported to improve the
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mechanical properties of steel like abrasion, wear, and surface hardness
[4,5]. Fabrication of Nickel phosphorus coatings through the electroless
deposition method is considered to be most effective due to its high
deposition rate, homogeneous deposition throughout the structure,
better adhesion to the substrate, uniformity in layer thickness over the
shapes, easier scalability, and economically feasible [6,7]. With the
recent advancement in research and development, a novel method of
reinforcing the binary alloy coating to enhance and ameliorate the
properties of the nickel-phosphorus coating with the incorporation of
hard ceramic particles to generate a class of composite coating is widely
studied [8]. Incorporating micro/nanoparticles such as Al;O3, C3Ny,
ZrOy, BN, SiC, TiN, SiOs, B4C TiC, WC, and TiO5 [9-24] have led to the
development of Ni-P based composite coatings with significant
improvement in the properties like anti-corrosion, and wear resistance.
Moreover, when the size of particles is in the nano range, interesting
properties enhancement are noticed, like SisN4 and CeO4 enhancing the
corrosion resistance of the Ni-P coatings [25,26]. In recent studies,
problems like low toughness due to its hard nature and interdiffusion
with the metal surface can be noticed with the accumulation of
micro/nanoparticles in the Ni-P matrix [27]. On the other hand, metals
in the form of micro/nanoparticles that have higher hardness, wear
resistance, and moderate toughness, along with a better interface ability
with the Ni-P matrix, can be used as reinforcement particles [28,29].
Hafnium (Hf) is a transition metal that has a very high melting point,
low density, comprises of high strength, and demonstrates better
corrosion resistance, almost unaffected by acids and alkalis. Hafnium
Carbide (HfC) is considered the most refractory binary compound owing
to its properties like relatively low vapour pressure, significantly high
melting point (3890 °C), high phase stability, and low diffusion coeffi-
cient of oxygen [30-32]. Therefore, to further enhance the properties
like hardness, toughness, and corrosion resistance of Ni-P coating, hard
and inert HCNPs are reinforced in the Ni-P matrix to investigate the
properties of Ni-P-HCNPs coatings that are not yet explored.

In this research, the Ni-P-HCNPs nanocomposite coatings were
synthesized with an electroless deposition process by varying the con-
centrations of HCNPs to 0.25, 0.50, 075, and 1.00 g/L in the chemical
bath. A36 carbon steel is selected as the substrate due to its application
in the industries such as oil & gas, automotive, aerospace, and elec-
tronics [24]. A comparison in properties of pure Ni-P coating and syn-
thesized Ni-P-HCNPs nanocomposite coatings is evaluated to examine
the effect of HCNPs reinforcement on the structural, compositional,
microstructural, mechanical properties, and corrosion resistance per-
formance of the developed nanocomposite coatings.

2. Materials and methods
2.1. Preparation of substrates and coatings

A36 carbon steel (CS) alloy is utilized as the substrate to carry out the
electroless deposition of Ni-P and Ni-P-HCNPs nanocomposite coatings.
Firstly, the steel sheet is made into coupons of the dimension 30 x 30 x
2 mm®, with the chemical composition presented in Table 1.

The substrate was sequentially polished using SiC abrasive sand-
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about half an hour at 60 °C. The coupons were then rinsed with DI water
before acid pickling 15 wt% solutions of HCl for 45s. After the
mentioned sequence of pretreatment procedures, the pretreated coupon
is finally rinsed with DI water before placing it in the chemical bath to
initiate an autocatalytic reaction leading to the deposition. The elec-
troless deposition chemical bath was prepared with different concen-
trations of HCNPs of 0.25 g/L, 0.50 g/L, 0.75 g/L, and 1 g/L for Ni-P-
HCNPs nanocomposite coatings to explore the influence of increased
concentration. The chemical bath was designed by mixing Nichem
3010A and Nichem 3010B (Standard commercial-grade, Atotech Inc.
Berlin, Germany) electroless deposition solution as presented in Table 2,
along with optimized deposition conditions to obtain the best coatings.

2.2. Coatings process

The deposition process was carried out for a period of 120 min, and
the temperature was maintained at 92 + 2 °C, to prevent the sedimen-
tation of the HfC nanoparticles during the deposition, the coating bath
was stirred with the help of a magnetic stirrer at 350 rpm. Before
initiating the deposition process, a respective concentration of HfC was
mixed in 1L of chemical bath and agitated at the temperature of 92 +
2 °C for 30 min to avoid any possibility of settling down and agglom-
eration of HCNPs. After the deposition process was completed, coated
samples were removed from the coating bath and placed into the water
bath at 60 °C for 10 min to gradually decrease the temperature of the
substrate to avoid any kind of temperature-dependent deficiencies in the
coating like cracking within the coating due to the sudden thermal stress
as a result of lowering of temperature. The coated sample is then finally
rinsed with deionized water, sonicated in acetone, and dried in air. With
this perspective, all the coatings were categorized as, Ni-P, 0.25 g/L,
0.50g/L, 0.75 g/L, and 1.00 g/L of HCNPs. For a better understanding of
the Ni-P-HCNPs nanocomposite coatings, a schematic diagram of the
electroless deposition system and the entire process is demonstrated in
Fig. 1a and b.

2.3. Characterization of the coatings

The characterization and evaluation of the developed coating were
done by using various characterization techniques. The XRD (X-ray
diffraction) technique was used within the 26 range of 20° to 100° at the
0.02° scanning rate for the structural and phase evaluation of the
developed coatings. The surface morphology and elemental analysis of
synthesized coatings of Ni-P and Ni-P-HCNPs were assessed by using a
scanning electron microscope (SEM) and energy dispersive spectroscopy
(EDX) from Nova Nano-450, ThermoFischer Scientific, Eindhoven,
Netherland), respectively. An atomic force microscope (AFM) from
Oxford Instruments, Goleta, CA, USA, was used to investigate topog-
raphy and the heterogeneities of the developed coatings. A gauge meter

Table 2
Bath Constituents & Operating Conditions of the electroless coating bath.

Bath Constituents & Operating Conditions Composition

paper with various grit sizes (80, 120, 180, 220, 320, 500, 800, 1000, Nichem 3010 A 57 ml/L
1200, 1500, and 2000) to obtain smooth, mirror polished and flat sur- Nichem 30108 126 ml/L
faces. The coupons were cleaned with soap and tap water before Ngﬂoscale HIC Particles 2‘25:0‘05*3/ L
changing to the next sandpaper. Sonication in acetone was carried out ?emperamre 02 4 2°C
for 30 min to remove any loose particles or sand impurities adhered to Deposition time 120 min
the polished surface. It was then rinsed with distilled water before Bath agitation 350 rpm
placing the coupons in the alkaline bath (3% NaOH +3% NayCO3) for
Table 1
The chemical composition of A36 carbon steel alloy.

Element C Cu Mn P Si S Fe

Wt. % 0.29% 0.20% 1.03% 0.04% 0.28% 0.05% Balance
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(PosiTector 6000, DeFelsko, Proctor Avenue Ogdensburg, NY, USA), was
utilized to determine the thickness of developed coatings. Microhard-
ness and nanoindentation techniques have been applied to study the
mechanical properties of the coatings. Vicker’s microhardness tester
(FM-ARS9000, USA), was used for the testing of microhardness, and the
MFP-3D nanoindenter head fastened with AFM was used for nano-
indentation measurement. The electrochemical impedance spectroscopy
(EIS) technique was applied to analyze the corrosion behaviour of the
developed coatings in 3.5 wt% NaCl solution with GAMRY 600 poten-
tiostat/galvanostat/ZRA (Warminster, PA, USA). A three-electrode cell
system was used where the coated sample was made as the working
electrode, Ag/AgCl as the reference electrode and the graphite sheet as
the counter electrode. Moreover, perturbation of 10 mV was provided
for the frequency range of 10~2-10° Hz for the EIS measurement, while
+0.25V of the range was selected from open circuit potential (OCP) with
a step of 0.167 mV for generating potentiodynamic polarization data set
[6,10,24,37].

3. Results and discussion
3.1. Structural and compositional analysis

3.1.1. XRD analysis

The XRD technique was applied to investigate the structure and
phase of the developed nanocomposite coatings. The XRD pattern of
Ni-P and different compositions of Ni-P-HCNPs nanocomposite coating
are presented in Fig. 2. All the coatings showed a broad peak at 26,
varying from 40° to 50°, which attributes to the creation of a semi-
amorphous structure. The broad peak at 20 ~44.6° is due to the Ni-P
coating. Moreover, new peaks were observed after the successful
incorporation of the HCNPs into the Ni-P matrix. Peaks at 20 ~33.3°,
38.8°, 56°, and 66.8° represents Ni (011), HfC (111), HfC (002), HfC
(022), and HfC (113) plane for the face-centered cubic (FCC) structure,
respectively (ref. Code ICDD: 98-061-8010). The intensity of HfC peaks
increases with the increment in the reinforcement concentration, which
suggests the efficient incorporation of HCNPs in the Ni-P matrix. The
presence of phosphorous atoms in the nickel crystalline structure causes
the lattice distortion that provides a hindrance to the propagation of
nickel atoms to occupy face-centered cubic, which leads to the formation
of an amorphous structure. The formation of an amorphous structure
was also reported in previous literature [33-35].

— Ni-P-1.00g/L HCNPs
Ni-P-0.75g/L. HCNPs
— Ni-P-0.50g/L HCNPs

Ni-P-0.25g/L. HCNPs
—Ni-P
Ni (011) e

HfC (111) HEC (002)

HfC (022) HfC (113)

\JA .

Intensity (a.u)

T T T T T

20 40 60 80
20 (degree)

Fig. 2. XRD pattern of Ni-P and Ni-P-HCNPs with different concentrations of
HCNPs nanocomposite coatings.
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3.1.2. X-ray photoelectron spectroscopic analysis

XPS survey spectra of Ni-P-0.75 g/L HCNPs nanocomposite coating
are displayed in Fig. 3, and respective elements of the coatings are
marked based on their position over the axis of binding energy. Peaks of
Ni2p, P2p, Hf4f, and Cls can be clearly observed, indicating their
presence in the nanocomposite coating. Peak representing oxygen could
be due to the formation of superficial oxides or impurities prior to the
installation of the sample for analysis.

Highly magnified spectra of each element with their respective
chemical state are presented in Fig. 4. Lorentzian-gaussian fit over the
experimental data was carried out, and a Tougaard background
correction was employed to obtain the deconvoluted peaks of the ele-
ments in their actual chemical state. Fig. 4a shows the photoionization
spectra of Ni2p that lie in the binding energy range of 845 eV-882 eV.
Deconvoluted peaks positioned at 852.3 eV and 869.5 eV indicate
Ni2p3/2 and Ni2p1/2 of nickel in its metallic form alongside their sat-
ellite peaks around 860 eV and 877.5 eV. However, peaks shown at
853.9eV and 872eV can be recognized as the oxides and/or hydroxides
of nickel for the Ni2+ chemical state, respectively [36-38]. Fig. 4b ex-
presses the peaks of phosphorus (P2p) in its deconvoluted form, peaks of
P2p3/2 and P2p1/2 can be identified at 129. eV and 129.9 eV indicate
the elemental form of phosphorus. Moreover, a peak located at 131.5 eV
can be allotted to hypophosphites or phosphorus in its intermediate
chemical states that might have been left as the solid solution in nano-
composite coatings [36-39]. Fig. 4c depicts deconvoluted peaks of Hf4f,
confirming the presence of hafnium carbide phase with the shifted peak
of metallic hafnium around 13.7 eV, carbide peak can further be iden-
tified at 17.5 eV revealing and confirming the Hf-C bond [40-42]. The
absence of any other oxidation state of Hf4f can be accepted as the
inactive and inert nature of reinforcement toward the reactions occur-
ring in the chemical bath during the entire electrodeposition process.
Furthermore, Fig. 4d shows the deconvolution diagram of Cls, the peak
observed at 283.2eV can be ascribed to C-Hf for the hafnium carbide
along with the C-C and C=0 peaks located around 284.8 eV and 287.3
eV attributing to the environmental impurities of adventitious carbon in
its various state as reported in the literature [40,43-45].

3.2. Surface morphology of Ni-P and HCNPs coatings

The results of SEM assessment of Ni-P and different compositions of
Ni-P-HCNPs nanocomposite coatings for the surface morphology are
specified in Fig. 5a—e For a clear demonstration of the effect of intro-
ducing and increasing the integration of HCNPs in the Ni-P matrix. Ni-P
coatings show a colony-like well-defined columnar microstructure with

Ni2p
z
=
=
=4
@)

Cls P2
Hf4f
1000 800 600 400 200 0
Binding Energy(eV)

Fig. 3. Survey spectra of Ni-P-0.75 g/L HCNPs nanocomposite coating.
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Fig. 4. XPS spectra of Ni-P-0.75 g/L HCNPs (a) Ni2p, (b) P2p, (c) Hf4f and (d) Cls.

partial irregular globules and visible micropores, revealing the reported
deficiency of pure Ni-P coating possessing micropores throughout the
film [1,46,47,50]. Introducing the Hafnium carbide to the chemical bath
has completely transformed the columnar microstructure of Ni-P
coating to the planar morphology of Ni-P-0.25 g/L. HCNPs. Further-
more, increasing the HCNPs concentration in the chemical bath seems to
increase the nodules with decreasing nodular size, indicating that
HCNPs are behaving as heterogeneous nucleation sites for nickel and
phosphorus ions to be deposited. These reinforcements further lead to
the development of grain growth after it is deposited over the substrate.
The large surface area of nanoparticles provides this nodular growth and
size of the nodule. Moreover, after the concentration of HCNPs is
increased in the chemical bath, excessive nucleation sites are created,
and the size of the nodule decrease due to an increased number of
nodular formation at the substrate, as observed in Fig. 5b-d. However,
when the terminal value of nano-reinforcements is achieved, particle
agglomeration adversely affects the formation of nanocomposite
coating, reverting to columnar structure with a significant number of
micropores as seen in Fig. 5 e for 1.0 g/L [48]. The elemental mapping
micrograph of the 0.75 g/L of HCNPs is presented in Fig. 5(d;-d4). The
presence and uniform dispersion of respective elements of nickel,
phosphorus, and hafnium are clearly evident, ascribing to the formation
of a high-quality nanocomposite coating.

Fig. 6a—e presents the EDX scan spectra of (a) Ni-P, (b) 0.25, (c) 0.50,
(d) 0.75, and (e) 1.00 g/L of HCNPs nanocomposite coatings, and the

element mappings are shown as an inset, respectively. EDX mapping
technique was applied to examine the influence of HCNPs on the Ni-P
matrix and the chemical compositions of the nanocomposite coatings. In
Fig. 6b-e, the presence of hafnium (Hf) peaks in the EDX spectra in-
dicates the successful incorporation of HCNPs into the surface and
subsurface layers of the developed coatings along with the nickel (Ni)
and phosphorus (P). The weight percentage of Ni-P coatings contains
nickel of about 88.21%, and the rest was balanced by phosphorus atoms.
A gradual increase in the concentration of Hf is observed from 0.54 wt%
to 5.82 wt% for the concentrations of HCNPs from 0.25 to 0.75 g/L, and
then a slight decrease is observed for the 1.00 g/L concentration of
3.42% wt.%.

The various weight percentage of elements presented in the devel-
oped nanocomposite coating that was obtained through the EDX find-
ings are tabulated in Table 3. The results provided by the EDX
assessment confirm the successful integration of HCNPs in the composite
coatings, which shows the compositions present in coatings depend on
the concentration present in the chemical bath [49]. Moreover, the
concentration of nickel is seen to decrease, which is replaced by HCNPs,
keeping the concentration of phosphorus nearly the same, indicating the
replacement of nickel in the formation of coating as mid-concentration
of phosphorus (8%-12%) is reported to possess the superior corrosion
resistance with adequate mechanical properties. A decrease in the con-
centration of HCNPs for 1.00 g/L can be due to non-uniform agglom-
erated HCNPs in the coating in certain regions. The addition of HCNPs
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-

Fig. 5. Scanning electron microscope (SEM) image of the (a) Ni-P, (b) 0.25, (¢) 0.50, (d) 0.75, (e) 1.00 and (d;-d4) Ni-P-0.75 g/L of HCNPs in the developed

nanocomposite coating.

and increase in the concentration of HCNPs decreases the wt.% of nickel
but has no significant effect on wt.% of phosphorus which remains
around 11% for all compositions of coatings. These results are in
agreement with the previous literature [50].

3.3. The atomic force microscope (AFM) technique

The AFM technique was used for the evaluation of the surfaces for
developed nanocomposite coatings. The three-dimensional topographic
images of (a) Ni-P, (b) 0.25, (¢) 0.50, (d) 0.75, and (e) 1.00 g/L of
HCNPs nanocomposite coatings are presented in Fig. 7a—e. From the
images, it can be noticed that Ni-P coating has a smoother surface than
the other Ni-P-HCNPs composition coatings. To have a better grasp of
the impact of HCNPs on the surface of developed composite coatings, a
comparison is presented in Table 4. The quantitative analysis results
show an increasing trend in average surface roughness (Ra) from 7.68
nm to 25.02 nm with an increase in the concentration of the HCNPs from
0 to 1.00 g/L, leading to three times surface roughness improvement.
Also, a similar trend can be seen for root mean square surface roughness
(Rm) from 10.40 nm to 31.73 nm for the composition of Ni-P to Ni-P-
1.00 g/L HCNPs in Table 4. Furthermore, coating surfaces of Ni-P, 0.25,
0.50, and 0.75 g/L of HCNPs, have asperities and peaks. However, a

canyon-like structure can be seen on the surface of the Ni-P-1.00 g/L
HCNPs composite coating. The previous literature validates the increase
in surface roughness due to the incorporation of nanoparticles in the
Ni-P matrix [36,51]. The increasing amount of hard and insoluble
HCNPs can be ascribed to the increase in surface roughness which can
obstruct and create a barrier in the path of the AFM cantilever probe tip
for its smooth movement on the coating surfaces.

3.4. Mechanical properties

The results of microhardness of the Ni-P and Ni-P-HCNPs with the
concentration (0.25, 0.50, 0.75, and 1.00 g/L of HCNPs) nanocomposite
coatings are 506 HV, 579 HV, 629 HV, 700 HV, and 663 HV, respec-
tively, are shown in Fig. 8. The increasing trend of microhardness with
the increment in the concentrations of HfC nanoparticles up to a certain
quantity can be observed. The highest values of microhardness (700
HVs0) are achieved for the Ni-P-0.75 g/L HCNPs composition, which is
~40% more in comparison to Ni-P coatings. An improvement in hard-
ness can be considered as the influence of the grain refinement
strengthening and dispersion hardening increased due to the incorpo-
ration of HCNPs in the Ni-P matrix. The presence of hard ceramic
HCNPs provides a barrier to the movement of dislocation during the
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Fig. 6. The energy dispersive spectroscopy (EDX) scan spectra along with elemental mapping of (a) Ni-P, (b) 0.25, (c) 0.50, (d) 0.75, and (e) 1.00 g/L of HCNPs

nanocomposite coatings.

Table 3
Quantitative evaluation of the various elements obtained in the nanocomposite
coatings through EDX scan.

Coating composition Nickel (wt.%) Phosphorus (wt.%) Hafnium (wt.%)

Ni-P 88.21% 11.79% -

Ni-P-0.25 g/L HCNPs 87.85% 11.62% 0.54%
Ni-P-0.50 g/L HCNPs 85.92% 11.05% 3.03%
Ni-P-0.75 g/L HCNPs 84.23% 9.95% 5.82%
Ni-P-1.00 g/L HCNPs 85.79% 10.79% 3.42%

mechanical deformation process and thus impedes the movement of the
dislocation. During the deformation, HCNPs act as an obstacle that does
not deform. Because of that, the moving dislocations have to change
their path and bypass the obstacles due to the dispersion hardening
process, whereas the dislocation motion is also obstructed at the grain
boundaries because of the material strengthening provided by the grain
refinement process [52]. Reduction in lateral grain growth and creation
of a fine structure occurs due to the acceleration of nucleation rate,
because of the presence of various heterogeneous nucleation sites, with
the uniform dispersion of HCNPs into the coating. The incorporation of
HCNPs into the Ni-P matrix and the filling of the pores also led to
microhardness improvement and enhanced the load-bearing ability
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composite coatings.

[53].

With an additional increase in the concentration of HCNPs, the
hardness decreases to 663 HVsg at Ni-P-1.00 g/L HCNPs composition
after reaching its highest value. It could be depicted owing to the over-
concentration of HCNPs into the Ni-P matrix, which reduces the prop-
erties like microhardness and load-bearing. These results consistency
also noticed in previous literature [54]. The nanoindentation test has
been used to investigate the mechanical properties of the Ni-P and
Ni-P-HCNPs nanocomposite coatings at the nanoscale. A Berkovich
diamond indenter tip (nanoindenter head) is attached to the AFM for the
nanoindentation test by applying 1 mN force at a scanning rate of 200
pN/s with a dwell time of 10s for the loading and unloading process. The

loading and unloading curves of nanocomposite coating with different
concentrations of HfC are presented in Fig. 9. Maximum indentation
depth of Ni-P coating gradually decreases from 257.01 nm to 230.49 nm
because of the dispersion hardening effect leading to microhardness
improvement and enhancing the load-bearing ability because of the
incorporation of HCNPs in the Ni-P matrix as previously explained. It
can also be observed an increase in indentation depth of ~10 nm at the
Ni-P-1.00 g/L HCNPs composition, and it is because of
over-concentration of nanoparticles accumulated in the Ni-P matrix,
thus having an adverse effect on mechanical properties, that were
noticed in previous studies [36,43,55]. The lowest indentation depth
was noticed at the composition of Ni-P-0.75 g/L HCNPs because of the
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Table 4
Comparison of roughness for Ni-P, 0.25, 0.50, 0.75, and 1.00 g/L of HCNPs
nanocomposite coatings.

Parameters Measured Values

Composition Ni-P Ni-P- Ni-P- Ni-P- Ni-P-
0.25 g/L 0.50 g/L 0.75 g/L 1.00 g/L
HCNPs HCNPs HCNPs HCNPs
Average 7.68 9.51 13.06 19.79 25.02
Roughness (R,),
nm
Root Mean Square 10.40 13.83 18.14 25.95 31.73
Roughness
(Rm), nm
800
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Fig. 8. Vickers microhardness (HVsg) results for Ni-P, 0.25, 0.50, 0.75, and
1.00 g/L of HCNPs nanocomposite coatings.
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Fig. 9. Nanoindentation curve for Ni-P, 0.25, 0.50, 0.75, and 1.00 g/L of
HCNPs nanocomposite coatings.

uniform thickness and proper distribution of HCNPs into the matrix with
no agglomeration in the composite coating. The uniformity of loading
and unloading curves with no kinks suggests that the crack-free and
pore-free nanocomposite coatings were synthesized. Furthermore, the
hardness increased from 5.06 GPa to 7.10 GPa, along with elastic
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modulus (E.), from 8.41 GPa to 10.48 GPa with an increase in concen-
tration from 0.25 g/L to 0.75 g/L, and then decreased at 1 g/L of HfC
particles in the nanocomposite coatings which supports the findings of
previous studies that the incorporation of nanoparticles increases the
hardness of Ni-P matrix [56]. The agglomeration that occurs at the
composition of Ni-P-1.00 g/L HCNPs is responsible for the decrease in
hardness which aligns with the findings of Vickers microhardness
testing. The formation of composite structure, grain refinement, and
dispersion hardening lead to the increase in elastic modulus and hard-
ness of the composite coatings [54,56]. A quantitative assessment of the
indentation findings in response to mechanical properties is comprised
in Table 5.

3.5. Corrosion resistance behaviour

The corrosion performance of the electroless deposited Ni-P-HCNPs
nanocomposite coatings with various concentrations of HCNPs through
electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization (PP) technique, the corrosion test was performed in 3.5 wt
% of NaCl solutions at 25 °C.

3.5.1. Electrochemical impedance spectroscopy (EIS) measurements

The corrosion resistance of electroless deposited Ni-P coatings with
various concentrations of HCNPs was analyzed by the EIS method at
normal room temperature. Bode plots of the carbon steel, Ni-P, and
various compositions of Ni-P-HCNPs are shown in Fig. 10a and b. Before
starting the electrochemical measurements, the coated substrate with an
exposed area of 2.86 cm? was placed into 3.5 wt% of NaCl solution at
OCP for 60 min to stabilize. Based on a modified Randle, an equivalent
circuit and cascaded double time constant circuit was used for the fitting
of the obtained data, as shown in Fig. 10a and b. The various EIS pa-
rameters of nanocomposite coatings, such as the solution resistance (Ry),
pore resistance (Rp,), charge transfer resistance (Rc), and constant phase
elements CPE; and CPE, were obtained from measured data after curve
fitting. To account for the surface inhomogeneity, equation (1) is used to
calculate the CPE; and CPE; (constant phase elements) instead of ca-
pacitors for the coated substrate from the data obtained through elec-
trochemical impedance spectroscopy (EIS) plots [57] (see Fig. 12).

1
—er = Qo

ZCPE ) M

where the Q is admittance (CPE constant), o the angular frequency of
the AC signal, j is the imaginary number, and n is the exponent of CPE,
when n is equal to 1 element, becomes a pure capacitor, n is equal to zero
is for the pure resistor, and 0 < n < 1 represents the deviation from the
ideal behaviour.

The bode plot for carbon steel in the medium-high-frequency regions
indicate the one-time constant, while the two-time constant for the
coated substrate is demonstrated by the broadening of the phase angle.
After the curve fitting for analyzed data through an equivalent circuit,

Table 5
Nanoindentation results of Ni-P, 0.25, 0.50, 0.75, and 1.00 g/L of HCNPs
nanocomposite coatings.

Characteristic Ni-P Ni-P- Ni-P- Ni-P- Ni-P-
025g/L. 050g/L  057g/L  1.00g/L
HCNPs HCNPs HCNPs HCNPs
Elastic Modulus-E. ~ 8.41 8.83 9.61 10.48 10.01
(GPa)
Maximum 257.01 252.06 246.50 230.49 240.21
Indentation-
Depth Hpax
(nm)
Final Indentation 92.67 85.30 79.98 73.90 77.29
Depth H, (nm)
Hardness (GPa) 5.06 5.61 6.39 7.10 6.63
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Fig. 10. Bode plots (a) Phase angle — Frequency and (b) Impedance - Frequency of CS, Ni-P, 0.25, 0.50, 0.75, and 1.00 g/L of HCNPs nanocomposite coatings.
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Fig. 11. (a) Nyquist plot, and (b) R, and R curve with the HCNPs concentrations of CS, Ni-P, 0.25, 0.5, 0.75, and 1.00 g/L of HCNPs nanocomposite coatings.
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Fig. 12. (a) One-time constant, (b) two-time constants, equivalent electric circuits to EIS fit for CS, Ni-P, 0.25, 0.50, 0.75, and 1.00 g/L of HCNPs nano-

composite coatings.

the magnitude plot of carbon steel shows the lowest corrosion resistance
value of ~560 Q cm?. In the case of Ni-P coating, impedance magnitude
reaches ~1490 Q cm?. This improvement in corrosion resistance is
attributed to the creation of the hypophosphite layer, as reported in the
literature [11,24,37]. The integration of HCNPs in the Ni-P matrix
further broadens the phase angle, which leads to the improvement in the
impedance response values of nanocomposite coatings. The reduction of

10

active corrosion sites because of hard, inert, and non-corrosive HCNPs
contributes to the increase in the impedance value for nanocomposite
coatings. The impedance value of the Ni-P-0.75 g/L HCNPs composite
coating was observed to be almost four times of the Ni-P composite
coating (Fig. 10a). Successive increase in HCNPs concentration from
0.25 g/L to 0.75 g/L has led to an efficient improvement in corrosion
resistance with the highest value of impedance at Ni-P-0.75 g/L HCNPs
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Table 6

Electrochemical impedance spectroscopy (EIS) fitting results of the CS, Ni-P,
and 0.25, 0.50, 0.75, 1 g/L HCNPs nanocomposite coatings that immersed in 3.5
wt % NacCl solution at 25 °C.

Sample Ret Rpo Corrosion protection efficiency
(Qem?) (Qem?) (PE%)

Carbon Steel 556 - -

Ni-P 1283 300 56.7

Ni-P-0.25 g/L 1648 500 66.3
HfC

Ni-P-0.50 g/L 2966 900 81.3
HfC

Ni-P-0.75 g/L 5495 1500 94.5
HfC

Ni-P-1.00 g/L 3153 1300 82.4
HfC

composition with 6.4 kQ cm? (see Table 6). The occupancy of HCNPs in
the micropores of the Ni—P matrix reduces the conductive path and thus
increases pore resistance [58]. The hindrance created between the
electrolyte path reaching the substrate because of the increasing HCNPs
concentration in the Ni-P matrix minimizes the active area for the
corrosion initiation. The various distinct capacitive loops of carbon
steel, Ni-P, and Ni-P-HCNPs composite coating are displayed in the
Nyquist plot as seen in Fig. 10a, revealing a similar trend as indicated by
the Bode plot. The pore resistance increased because of the successful
integration of HCNPs in the Ni-P matrix, which hindered electrolyte
attack on the substrate by reducing the active sites leading to an
improvement in Rct as presented in Fig. 9b. Furthermore, corrosion
resistance of coatings increases with the decrease in active sites by
increasing the concentration of HCNPs in the coating bath.

3.5.2. Potentiodynamic polarization measurements

The potentiodynamic polarization method was adopted to evaluate
the corrosion behavior of the coating within the range of —0.25 to 0.25 V
from open circuit potential with a scan rate of 0.167 mV.s-1 for the
carbon steel, Ni-P, and Ni-P-HCNPs with different concentrations of
HCNPs in the composite coatings. The Tafel plots of the carbon steel,
Ni-P, 0.25, 0.50, 0.75, and 1.00 g/L of HCNPs nanocomposite coatings
are shown in Fig. 13. Electrochemical parameters of the various coat-
ings, icor (corrosion-current density), Eco (corrosion-potential), S,
(anodic Tafel slopes), §. (cathodic Tafel slopes), Rp (polarization resis-
tance), and corrosion protection efficiency (PE%) are calculated by Tafel
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Fig. 13. Tafel curves for CS, Ni-P, 0.25, 0.50, 0.75, and 1.00 g/L of HCNPs
nanocomposite coatings.
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Table 7
Tafel fitting results of the CS, Ni-P, 0.25, 0.50, 0.75, and 1.00 g/L of HCNPs
nanocomposite coatings immersed in 3.5 wt % NacCl solution at 25 °C.

Sample Ecorr icon‘ 'Bc (V/ ﬁa (V/ RP (PE
W) (pA/ decade) decade) (Qcm?) %)
cm?)

Carbon -0.620  39.719 -0.173 0.104 710 -
Steel

Ni-P —0.381 19.498 —0.185 0.154 1839 50.91

Ni-P-0.25 —0.397 16.481 —0.181 0.242 2678 58.50
g/L
HCNPs

Ni-P-0.50 —0.359 12.387 —0.267 0.255 4566 68.81
g/L
HCNPs

Ni-P-0.75 —0.352  8.440 -0.313 0.337 8310 78.75
g/L
HCNPs

Ni-P-1.00 —0.398 12.105 —0.263 0.290 4929 69.50
g/L
HCNPs

extrapolation technique as shown in Table 7.

The following equations (2) and (3) are used to calculate the corro-
sion protection efficiency and polarization resistance of the coatings
from the data acquired through Tafel plots [57,59].

PE% =1 — "« 100%

corrl

(2

Balb.|

Rp=— FPalPel
"7 2.303(8, + |B.|)icorr

3

where the i1 and i are corrosion current densities for the carbon
steel and nanocomposite coatings, respectively.

For carbon steel, the highest value of 39.719 pA/cm? current density
was observed with a corrosion potential of —0.620 V, considered most
prone to corrosion, as shown in Fig. 11. The Ni-P has a current density of
19.498 pA/cm? which further decreased with increasing the HCNPs
concentration in the composition of Ni-P-0.25 g/L HCNPs (16.481 pA/
cm?), Ni-P-0.50 g/L HCNPs (12.387 pA/cm?), Ni-P-0.75 g/L HCNPs
(8.440 pA/cm?), and Ni-P-1g/L HCNPs (12.105 pA/cm?) into the Ni-P
matrix. Furthermore, the corrosion potential of Ni-P coating shows a
slightly more anodic and increases from —0.381 V to —0.352 V with an
increment in the concentration of HCNPs, which indicates slightly more
inhibition of the anodic activities in the Ni-P matrix. This trend indicates
that the presence of HCNPs in the coating reduces the anodic activities.
The presence of HCNPs reduces the active sites for the chloride ion ab-
sorption on the surfaces with pores and.

Cracks. Overall, the increase in reinforcement concentration leads to
the improvement in corrosion resistance in favour of previous studies
[60].

4. Conclusions

Ni-P coatings containing varying concentrations of hafnium carbide
nanoparticles (HCNPs) were developed through an electroless coating
process and characterized. It is observed that the amount of HCNPs has a
significant effect on modifying the microstructural surface properties.
Which increases the mechanical and corrosion resistance properties of
Ni-P-HCNPs nanocomposite coatings due to efficient blocking of the
micropores and dispersion hardening effect. The developed novel Ni-P-
HCNPs nanocomposite coatings reveal their best performance at the
concentration of 0.75 g/L, showing an improvement in hardness
(~40%) and corrosion resistance (~95%) when compared to the Ni-P
coatings. The tempting properties of Ni-P-HCNPs nanocomposite coat-
ings make them attractive for oil and gas, automobile, aerospace, and
many other related industries.
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