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ABSTRACT

FAYYAZ,OSAMA, Masters :
June : 2021:], Masters of Science in Mechanical Engineering
Title:_ Development and Characterization of Nickel Phosphorus based Nanocomposite
Coatings for Corrosion Protection of Steel
Supervisor of Thesis: Dr. MD Anwarul Hassan
Co-Supervisor of Thesis: Dr. Abdul Shakoor

Corrosion is the major challenge faced by many industries like marine,
automobile, oil and gas industry, etc. Nickel Phosphorus (Ni-P) based coatings are
extensively studied to mitigate corrosion due to their improved corrosion resistance.
However, these coatings lack mechanical strength limiting their applications. In the
present study, novel Ni-P-X (X=TiC (titanium carbide) and ZrC (zirconium carbide))
were developed through the electrodeposition process. Various amounts of titanium
carbide TiC nanoparticles (0, 0.5, 1.0, 1.5, and 2.0 g/L) and ZrC nanoparticles (0, 0.75
and 1.5 g/L) were co-electrodeposited in the Ni-P matrix under optimized conditions
and then characterized by employing various techniques. It is noticed that the
concentration of reinforcing ceramic particles has a significant on the structural,
mechanical, tribological, and electrochemical properties of Ni-P nanocomposite
coatings. The structural analysis of both types of prepared nanocomposite coatings
indicates uniform, compact, and nodular structured coatings without any noticeable
defects. Vickers microhardness and nanoindentation results of Ni-P-TiC
nanocomposite coatings demonstrate the increase in the hardness with an increasing

amount of TiC nanoparticles attaining its terminal value (5.98 GPa) at the concentration



of 1.5 g/L, which can be ascribed to dispersion hardening effect. Further increase in the
concentration of TiC nanoparticles results in a decrease in hardness, which can be
ascribed to their accumulation in the Ni-P matrix. The electrochemical results of Ni-P-
TiC nanocomposite coatings indicate the improvement in corrosion protection
efficiency of coatings with an increasing amount of TiC particles reaching ~92% at 2.0
g/L, which can be ascribed to a reduction in the active area of the Ni-P matrix by the
presence of inactive ceramic particles. Similarly, in the case of Ni-P-ZrC
nanocomposite coatings, the best mechanical (5.75 GPa) and corrosion protection
efficiency (~85 %) are achieved at the composition of 0.75 g/L. The favorable
structural, mechanical, and corrosion protection characteristics of Ni-P-TiC and Ni-P-
ZrC nanocomposite coatings suggest their potential applications in many industries

such as automotive, electronics, aerospace, oil, and gas, and seawater desalination, etc.
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CHAPTER 1: INTRODUCTION

1.1 Background

Corrosion has a large share in the failure of equipment and processes. It is the gradual
deterioration of the metallic surface due to the chemical reaction with its environment.
Corrosion behaves like a slow poison for the industry utilizing metal in any form, from
the raw materials to finished products and from metallic machinery to pipelines of
onshore and offshore sites. It plays a significant role in the failure of various products
and hinders the efficiency of many application like pipeline, marine and offshore
structures [1-4]. Fatigue stress initiation and creep failures are also rooted back to a
corrosion-related failure in heavy operating condition along with a sour corrosive
environment [5]. Nearly 10-30 per cent of the maintenance budget is spent on corrosion
control by the oil and gas refinery plants [6]. Estimation based on the IMPACT-NACE
report of 2013 gives the global cost of corrosion to be US$2.5 trillion in 2013, which is
equivalent to 3.4% of the Gross Domestic Product (GDP) [7].

Understanding the fundamentals of corrosion mechanism has led to the development of
various surface modification techniques to minimize corrosion. Surface modification
techniques provide a dual benefit of corrosion prevention and modification of the
surface characteristics to enhance its properties rather than replacing the bulk material
to provide respective mechanical properties such as hardness, abrasion, wear and
erosion. There are various surface modification techniques, namely carburizing,
nitriding, carbonitriding, coating, flame hardening, laser hardening, chemical vapor
deposition and physical vapor deposition, to improve the surface characteristic
depending upon the demand of the industry. Coating the base metal with a corrosion-
resistant layer of varying thickness to provide a barrier between the corroding
environment and base metal to protect it from corrosion is one of the established surface

modification technique [8].



Coatings of various types are widely known in the industry, such as bitumen, epoxy,
metallic and polyolefin system. Coating bearing all the required properties, namely
wear resistance, improved hardness, corrosion resistance, and decent erosion resistance,
are scarcely reported in the literature. Metallic or inorganic coatings can answer some
of the critical challenges of the oil and gas industry owing to their enhanced anti-
corrosive properties, wear and abrasion resistance, ease of fabrication, and cost-
effectiveness. Due to this reason, protective inorganic coatings are preferred options in
the circumstances susceptible to mechanical damage such as wear, fatigue, creep,
erosion, etc., in a corrosive environment. The development of alloys and composites in
the metallic coating has further attracted researchers in tailoring the properties of the
coat by altering chemical bath composition and optimizing various deposition
parameters. Advancement in the technology has further led to the production of
nanomaterials which find their application in the development of nanocomposite
coating to improve mechanical properties along with corrosion resistance.

1.2 Overview of the State of the Art

Nickel electrodeposition can be traced back to 1837, when Bird obtained a crust of
metallic nickel on a platinum electrode during the electrolysis of nickel chloride or
nickel sulphate. J. Shore of England was granted the first patent for commercial nickel
plating through nickel nitrate solution in 1840. Electrodeposition of nickel over a
substrate is a well-established concept, although its optimization and compositions for
improved results are still studied [9]. A review of Zhang et al. provided the development
in nanocomposite coating of the last century and concluded magnetron sputtering as the
best fabrication route [10]. Pulse electrodeposition of nickel was firstly studied by Qu
and team in 2003, making a breakthrough in the fabrication route of nickel-based
coating [11]. The concept of nickel-based nanocomposite coating was rigorously

studied with various methods of electrodeposition. Chen et al. studied the incorporation
2



of Al03 and concluded the improvement in wear resistance of nickel coating [12].
Borkar and Sandip reported improvement in microhardness of nickel matrix by Al2Os,
SiC and ZrO; nanoparticles and concluded the superiority of pulse deposition over
direct current electrodeposition [13]. Improvement in oxidation resistance was
observed by many researchers as a result of ceria nanoparticles in the nickel matrix [14,

15]. A brief overview of nickel-based nanocomposite coating is provided in table 1.

Table 1. A brief overview of nickel-based nanocomposite coatings. DC: Direct Current,

PC: Pulse Current, PRC: Pulse Reverse Current Electrodeposition techniques.

Matrix ~ Reinforcement Deposition  Coating Reference

Method Characteristics

Ni Al,O3, SiC,ZrO, DC, PC, Microhardness and Borkar 2011

(nano) PRC wear resistance [13]

Ni Al>O3 sub micron PC Wear resistance Chen 2006 [12]

Ni TiC nano PC Microhardness Kartal 2017 [16]

Ni Ce0O> DC Wear, corrosion and Qu 2006 [14]

oxidation

Ni None PC Hardness Qu 2003 [11]

Ni SiC sub microns DC Wear Walsh 2015 [17]

Ni ZrO; PC, PRC Hardness and wear Wang 2005 [18]

Ni None DC, PC, Comparative Wasekar 2016
PRC [9]

Ni CeO: DC, PC, Oxidation resistance  Xue 2010 [15]
PCU




Alloying of nickel with tungsten, iron, phosphorus, and boron to improve the properties
of nickel coating has been widely reported in the literature. Ni-P coating has gained
much attention during the last decade due to its adaptability to a wide range of
environmental and working conditions when the compositions of chemical bath and
deposition conditions are carefully selected based on the requirement by varying the
electrolyte from sulfate and sulfamate to methanesulfonate bath [19]. Ni-P alloys have
found applications in aerospace, electronics and automotive industries due to their wear
resistance capabilities, lower friction coefficient and anti-corrosive characteristics [20].
Ni-P has the edge over other alloy coatings such as Ni-Cu, Ni-Fe and Ni-Co and even
Ni composites for the fabrication of microsystems, a recent doctoral thesis in the
literature by Sadeghi describing various aspects of nickel phosphorus-based
nanocomposite coating [21]. Although nickel-phosphorus (Ni-P) coatings have shown
promising anti-corrosive properties, the amount of phosphorus in the deposit has an
adverse effect on the mechanical properties, namely wear and erosion which restricts
their application. Various methods are adopted to overcome this challenge, like the
formation of complex alloys, fabrication of multilayer coats and development of
composite coatings. Nanocomposite coating, which involves the codeposition of
nanoparticles suspended in the chemical bath, has emerged as the most effective way
due to its ease in fabrication, simple methodology and cost-effectiveness.

Fabrication of Ni-P based nanocomposite coatings through electroless method is widely
studied in the literature. Fayyad et al. studied C3N4 and TiNi nano reinforcement in Ni-
P matrix, and results indicated improvement in the corrosion resistance along with
enhancement in the microhardness [22, 23] and concludes to be corrosion resistant [22-
26]. Graphene reinforcement was recently studied by Rana et al., and results indicated

the improvement in wear resistance and hardness of the coating [25]. Similar



improvement in the wear resistance was observed for TiO, and MoS; by Saravanan et
al. [26] and Zou et al. [27]. Multilayer coating with YSZ was investigated by Luo et al.
and concluded the improvement in microhardness, corrosion and wear resistance. In
spite of appreciable results, electroless codeposition is costlier, with slow deposition
rate, energy-intensive and contaminated final product inhibit the up-gradation of TRL
from laboratory scale to pilot plant scale (TRL 4-6).

Direct current electrodeposition of Ni-P was comprehensively studied by Nava et al.
[20], and the effect of heat treatment were enumerated by an increase in hardness of the
Ni-P coatings. Codeposition of Y203 nanoparticles resulted in the enhancement of
mechanical and corrosion resistance as investigated by Bahgat Radwan and coworkers
[28]. He and team [29] investigated WS reinforcement and remarked the hydrophobic
and self-lubricating properties. Various studies for SiC particles concluded upgradation
in tribological, mechanical and corrosion resistance [30-32]. Sheu et al. concluded an
improvement in the hardness of the Ni-P matrix with the incorporation of Al;O3
particles [33]. Electrodeposition coating has gained wide acceptance in academia and
industries due to its cost-effectiveness, simplicity, and capability to produce an
expeditious result. In spite of various advantages, conventional DC electrodeposition
provides continuous nucleation, which results in the agglomeration and aggregation at
the coating interface. More details of Ni-P coatings can be read in the comprehensive
review recently drafted by Lelevic and Walsh [34].

Pulse electrodeposition is a new technique than electroless and conventional
electrodeposition. Its application in nickel-based coating was firstly investigated by Qu
et al. [11]. Huo et al. studied the effect of heat treatment and operating conditions of
pulse electrodeposition and concluded an upgradation in the wear and microhardness

of the Ni-P coatings. Elias and colleagues concluded the improvement in the corrosion



resistance of multilayer Ni-P coatings [35]. As pulse electrodeposition are assumed to
overcome the challenges of conventional electrodeposition, very few reinforcements
like SiC, WC and Al,Oz are utilized to explore the intent potential of pulse
electrodeposition due to its complexity and optimizing of many parameters like duty
cycle, peak current density, pulse on time, pulse off time and composition of the
electrolyte. It is expected to provide controlled coating thickness, tailor surface
morphology and structure and come up with the homogenous distribution of nano
additives. Some comparative studies of DC and pulse indicate better results in the case
of pulse in nickel and nickel phosphorus-based nanocomposite coatings. Table 2
provides a brief overview of Ni-P nanocomposite coatings along with their coating

characteristics.

Table 2. A brief overview of the nickel phosphorus-based nanocomposite coatings.

ELS: Electroless, DC: Direct Current, PC: Pulse Current, PRC: Pulse Reverse Current

Deposition.
Matrix Reinforcement Deposition Coating Reference
Method Characteristic

Ni-P Y203 DC Mechanical Bahgat Radwan
and corrosion 2018 [28]
resistance

Ni-P None PC Magnetic Dhanapal 2015
property [36]

Ni-P Multilayer PC Corrosion Elias 2016 [35]
resistance




Matrix Reinforcement Deposition Coating Reference
Method Characteristic
Ni-P C3Ng ELS Microhardness  Fayyad 2019 [22]
and corrosion
resistance
Ni-P TiNi ELS Anti-bacterial ~ Fayyad 2019 [23]
and corrosion
resistance
Ni-P SiC PRC Hardness and Hansal 2013 [37]
tribology
Ni-P WS, DC Hydrophobic He 2017 [29]
and self-
lubricating
Ni-P SiC PC,DC Tribology Hou 2006 [30]
Ni-P None PC Wear and Hou 2007 [38]
hardness
Ni-P multilayer ELS Microhardness, Luo 2017 [24]
YSZ corrosion and
wear resistance
Ni-P None DC Microhardness, Nava 2013 [20]
corrosion and
wear resistance
Ni-P Graphene ELS Hardness and Rana 2019 [25]

wear




Matrix Reinforcement Deposition Coating Reference

Method Characteristic

Ni-P TiO2 ELS Wear Saravanan 2020
[26]

Ni-P Al2O3 DC,PC Hardness Sheu 2013 [33]

Ni-P SiC DC Corrosion Yuan 2009 [31]
resistance

Ni-P WC DC, PC Microhardness  Zoikas 2009 [39]

Ni-P SiC DC, PC Microhardness  Zoikas 2010 [32]

Ni-P MoS; ELS Friction and Zou 2006 [27]
wear

1.3 Missing Point in the Literature
Following are some of the gap in the literature described as:

Although electrodeposition is considered to be superior to conventional electroless
deposition in the fabrication of nickel-based and nickel phosphorus-based nano
composite coatings. Its potential is not completely identified. Hence, it is worth
investigating the potential of electrodeposition in the fabrication of nanocomposite
coatings.

Nickel phosphorus coatings are proven to be corrosion resistant, but the reported results
for nanocomposite coatings lack a quantifiable approach as the findings vary from
‘interesting’, ‘good’ and ‘appreciable’ without concise and comparable procedure
generalized for evaluation of the performance of nanocomposite coating.

Various nano reinforcements which provided excellent results with nickel matrix-like

8



ZrO», TiC and ZrC are not being investigated with nickel-phosphorus matrix employing
electrodeposition.

Most of the reinforcements are sub-micron and micron-sized. Hence it is the need of
the hour to study the effects of nanoparticles incorporation as properties at nanoscale
changes exponentially.

1.4 Goals and Objectives

This project aims at delivering a novel solution for corrosion protection along with the
improvement in mechanical properties as per the requisites of offshore oil and gas
equipment to minimize the operating cost by cutting down the cost of corrosion.
Electrodeposition technique will be used to fabricate nanocomposite coatings through
optimizing parameters and chemical bath composition. Nickel phosphorus-based
nanocomposite coatings with enhanced mechanical characteristics will be fabricated
and tested at the well-equipped testing facilities at Qatar University. The project will
also aim to bring about a concise and comparable procedure for the evaluation of
corrosion resistance. Rare and exceptional nanomaterials with amazing properties will
be selected for the fabrication of nickel phosphorus-based nanocomposite coatings to
explore the scientific advantages at the nanoscale. The objectives of the project are:

e To develop nickel-based nanocomposite coatings by optimizing the parameters
through electrodeposition technique.

e To characterize the synthesized nanocomposite coatings through state-of-the-art
testing facilities of Qatar University.

e To study the compositional, structural, morphological, mechanical and corrosion

protection properties of the developed nanocomposite coatings.



CHAPTER 2: MATERIALS AND METHODS

2.1 Materials

Nickel sulphate hexahydrate, nickel chloride hexahydrate, boric acid, orthophosphoric
acid, and sodium hypophosphite were bought from Sigma Aldrich, Germany. Sodium
chloride, titanium carbide (TiC) and Zirconium Carbide (ZrC) powder with the average
particle size < 80 nm and purity of 99.9% were imported from Sigma Aldrich. Mild

steel sheets locally purchased were used as substrates.

2.2 Sample Preparation and coatings synthesis

The electrodeposition of Ni-P and Ni-P-TiC composite coatings was carried out on the
mild steel substrate. Firstly, the mild steel sheet was cut down to the 32mm square
sheets through sheet metal operation. The mild steel samples were then polished to
obtain a mirror-like surface with SiC abrasive papers of grit size 120, 220, 320, 500,
800, 1000, and 1200. The substrates were washed with soap and water before moving
to the following abrasive paper. After grinding, the substrates were sonicated in acetone
for half an hour. One side of the substrates was covered with insulating tape to avoid
electrodeposition on both sides of the substrates. The substrates were activated in 20%
HCI solution for about 45 seconds, rinsed in distilled water, and finally put in the
coating bath. During the electrodeposition process, the dc power supply’s negative
electrode was connected to the substrate forming a cathode, and the positive electrode
of the power supply was connected to the nickel sheet to provide an anode. The
schematic diagram of the electrodeposition experimental setup is represented in
Figurel. The nickel sheet (anode) and the substrate (cathode) were placed parallel and
face to face each other at a distance of approximately 30 mm in the coating bath. The
optimized electrodeposition conditions are tabulated in Table 3. Ni-P, Ni-P-TiC and

Ni-P-ZrC composite coatings were developed at 65°C = 2. The time of the coatings is
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half an hour from the start of the power supply. The coating bath was agitated at 300 +

5 rpm for 60 minutes before initiating the electrodeposition process to avoid settling

down the reinforcement nanoparticles. The coating bath was kept agitated during the

entire coating process at 300 rpm for uniform distribution of reinforcing particles into

the Ni-P matrix.

70C

Thermometer

_.--= Nickel strip

Water bath
Chemical bath

Power Supply

__ Hot plate with
magnetic stirrer

Anode Cathode
(+) ()

CURRENT VOLTAGE CURRENT  VOLTAGE
.. .. I I .a o.

SLAVE TRACKING MASTER

Figure 1. Schematic diagram of the electrodeposition process to develop Ni-P-TiC

composite coatings.

Table 3. Optimized bath composition and parameters for co-electrodeposition of Ni-P-

TiC composite coatings.

Chemical bath and Operating

conditions

Bath Ni-P-TiC

Bath Ni-P-ZrC

Nickel Sulfate hexahydrate

Nickel Chloride hexahydrate

Boric acid

250 g/L
15 g/L

30 g/L
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Chemical bath and Operating Bath Ni-P-ZrC

Bath Ni-P-TiC
conditions
Sodium Chloride 15 g/L 15 g/L
Phosphoric acid 6 g/L 6 g/L
Sodium Hypophosphite 20 g/L 20 g/L

0, 0.5¢/L, 1 g/L,1.5¢/L -
TiC concentration

and 2 g/L
ZrC concentration - 0.75g/L
pH 20+0.2 20+0.2
Bath temperature 65+2°C 65+2°C
Deposition time 30 minutes 30 minutes
Current density for TiC 50 mA cm -
Current density for ZrC - 48 mA cm?
Bath agitation 300 rpm 300 rpm

2.3 Characterization of composite coatings
2.3.1 Compositional Characterization

2.3.1.1 X-Ray Diffraction

Structural characterization of the synthesized coatings was carried out by employing an
X-ray diffractometer (PANalytical, Empyrean, UK) fitted with Cu Ka radiations with
the scanning step of 0.02° in the range of 20 from 10° to 90°.

2.3.1.2 X-ray photoelectron spectroscopy

The composition of the prepared coatings was also determined by X-ray photoelectron
spectroscopy- XPS (Kratos Analytical Ltd, UK) using a monochromatic Al-Kao X-Ray

source.
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2.3.2 Morphological Analysis

2.3.2.1 Scanning electron microscopy (SEM) and transmission electron microscope
(TEM)

The field emission scanning electron microscope (FE-SEM-Nova Nano-450,
Netherlands) and high-resolution transmission electron microscope (HR-TEM FEI:

TECNAI G2 FEG 200kV) were used to perform the morphological study.

2.3.2.2 AFM

The atomic force micrograph was obtained by employing the AFM device MFP-3D
Asylum research (USA) equipped with silicon probe (Al reflex coated Veeco model-
OLTESPA, Olympus; spring constant: 2 Nm™, resonant frequency:70 kHz). All
measurements were carried out under ambient conditions using standard topography A

.C. air (tapping mode in the air).

2.3.3 Mechanical Properties

2.3.3.1 Microhardness

The hardness of the prepared coatings was tested with a Vickers microhardness tester
(FM-ARS9000, USA). The measurement of the microhardness was carried out at
respective weights with the dwell time of 10 seconds on the surface of nanocomposite
coatings.

2.3.3.2 Nanoindentation

The nanoindentation measurements were performed employing AFM device MFP-3D
Asylum research (USA) equipped Berkovich diamond indenter tip with a maximum
1mN indentation force (loading and unloading rate: 200uN/s and dwell time at
maximum load: 5s). Oliver and Pharr's method was used to find contact penetration

from the unloading curves.
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2.3.3.3 Wear

Wear performance of the as-prepared coatings was investigated by pin/ball on-
disk/plate tribometer (MFT-5000F, Rtec Company) in which nanocomposite coatings
were attached to disk and the counterparts were stainless steel balls. The sliding speed
was made constant at 0.13 m s—1 during the test with a static diameter of wear track
(20 mm), and the rotational speed of the disk was 250 rpm. Wear tests were performed

at 25 °C under 4 N normal loads with a sliding distance of 125 m.

2.3.3.4 Erosion

Erosion testing was done for the as-synthesized nanocomposite coatings using an air-
jet erosion tester. Alumina particles were employed as an erodent as it is commonly
used for corrosion testing. The particle size of the as-received alumina (Al203) is in the
range of 53-84 um. The experimental set-up for performing the erosion tests was
followed the ASTM G76 [40, 41]. The erodent particles flowed with a 0.94 g min! feed
rate, then ejected from the nozzle with a velocity range from 19 to 101 m s%. The nozzle
diameter is 2 mm, and the particle speeds were calculated based on the double-disc
approach as Ruff and Ives presented a brief elucidation for calculating the particle speed
by directly adjusting the gas pressure. The working distance between the nozzle outlet
and the test specimen is 10 mm. the coating sample was mounted on the sample holder
facing the nozzle with a 90° incident angle for different exposure times to achieve the
maximum effect of surface deformation and depth. The depth and volume loss
measurements for the exposed specimens measured using 3D- optical surface

metrology system Lecia DCM8 profilometer.

2.3.4 Corrosion Assessment

2.3.4.1 Electrochemical Impedance Spectroscopy

. The electrochemical impedance spectroscopy (EIS) studies were carried out with
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Gamry cell in which saturated silver/silver chloride (Ag/AgCl) was used as the
reference electrode, whereas graphite and prepared coated samples were employed as
counter and working electrodes, respectively. EIS was measured by AC signal with
10mV of amplitude within the frequency range of 10°-10-2 Hz at open circuit potential.
2.3.4.2 Tafel

Potentiodynamic studies were carried out at ambient room temperature with a scan rate
of 0.167mVs! after the determination of open circuit potential for more than 10 minutes
of stabilization of the complete cell. A constant surface area of 0.765 cm? of all tested

samples was exposed to 3.5 wt% NaCl solution in the entire study.
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 Properties of Ni-P-TiC nanocomposite coatings

3.1.1 Structural and compositional characterization

The structural analysis of the electrodeposited Ni-P and Ni-P-TiC composite coating
was carried out through XRD, and the spectra of NiP and Ni-P-TiC composite coatings
containing various compositions of TiC (0, 0.5, 1.0, 1.5, 2g/L) are shown in Figure 2.
The semi-amorphous structure of the coatings can be deduced from the broad peaks in
all the cases, and the broad peak located at 2©6~45.5 can be assigned to the Ni (111)
plane of face-centred cubic (FCC) structure. The formation of an amorphous structure
can be ascribed to the lattice distortion experienced by the nickel crystal structure due
to the presence of phosphorous atoms, which hinders the propagation of face-centred
cubic occupancy of nickel atoms [42]. The amorphous nature of the coatings has
already been reported [20, 43, 44] along with nanocrystalline structure as reported in
the literature [45, 46]. The diffraction peaks of the TiC were not observed in the XRD
spectra, probably due to their low contents in the Ni-P matrix. Similar results have also

been reported in the literature [24, 47].
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Figure 2. XRD spectra of Ni-P and Ni-P-TiC composite coatings containing various

concentrations of TiC particles.

The presence of TiC in the Ni-P TiC composite coatings was confirmed using XPS
analysis. To avoid any repetition, the fitted data of individual photoionizations and their
corresponding chemical states for only Ni-P with 1.5 g/L TiC composition is presented
in Figure 3. High energy resolution spectra of Ni2p (Figure. 3 (a)) region contains two
distinct ionizations: Ni 2p3/2 and Ni 2p1/2 at 852.2 ¢V and 869.9 eV assigned to Ni in
the metallic state, whereas the peaks of Ni?* at 853.3eV, 857.6eV, and 872.7eV
corresponds, respectively to the NiO and/or Ni(OH)2 of Ni 2p3/2 and Ni 2p1/2. The
high-intensity peak for nickel proves the presence of metallic nickel. The formation of
Ni(OH). and NiO can be linked to the presence of hydroxyl ion from the aqueous
electrolytic bath and other surface oxidation phenomenon [28, 48]. Concerning the P2p
ionization, the peaks at 128.8 and 129.5 eV can be assigned to the elemental
phosphorous (P) in the bulk of electrodeposited Ni-P-TiC composite coating,
respectively (Figure.3b). It can be noticed that the peak at 130.69 eV is due to (i)

elemental phosphorus hypophosphite and/or (ii) intermediate phosphorous ions (P(l)
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and/or P(I11)) valence, which are presented in the inner portion of the protective film of
the Ni-P coatings. However, peaks at 132.7eV can be due to the combination of oxides
and/or hydroxides (P.Os and/or P-OH) chemical states [28]. The high-resolution
spectra of the Ti2p spectrum were deconvoluted into three doublet peaks (Figure.3c) of
titanium carbide, based at 454.9 and 460.8 eV, titanium oxides at 456.1 and 464.8 eV

and TiO; at 459.2 and 466.4 eV as previously reported [49, 50].

(a) Ni 2p (b) P 2p (¢) Ti2zp

TiO,
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Figure 3. XPS spectra presenting the elemental composition of Ni-P/1.5g/L TiC

composite coatings, (a) Ni2p, (b) P2p and (c) Ti2p

3.1.2 Morphological Analysis

The morphology of the Ni-P and Ni-P/TiC composite coatings containing various
concentrations of TiC particles was studied with FE-SEM as specified in Figure 4. Ni-
P coatings (Figure. 4(a) does not show the formation of a well-defined nodular
structure. A similar morphology of Ni-P coatings has been reported in the literature [24,
51]. On the other hand, FE-SEM micrographs of Ni-P-TiC composite coatings (Figure.
4(b-e)) show the compact, nodular morphology without any noticeable defects. The
presence of TiC particles can also be observed in the FE-SEM images, especially at the
2.0 g/l of composition, in good agreement with the literature [28, 52]. Figure 4 (f) shows
the cross-section of Ni-P-TiC (1.5 g/L) composite coatings. A smooth and well-
adherent coating, without any apparent defects, can be observed, together with a
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uniform interface. A uniform coating thickness of ~15um is achieved.
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Figure 4. FE-SEM micrographs of the Ni-P (a) and Ni-P-TiC composite coating with
various concentrations of TiC (b, c, d, e). A cross-sectional micrograph (f) of Ni-P-TiC

composite coatings with 1.5 g/L of TiC.

The coating thickness was also measured with the coating gauge meter and presented
in Table 4. It can be noticed that the coating thickness under all identical conditions is
similar, and there are no noticeable changes in the thickness. It is worthy of mentioning

that the reported values are an average of five readings. A slight difference in thickness
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of coatings measured through FE-SEM analysis may be due to the surface preparation

required for the test.

Table 3. The average thickness of Ni-P and Ni-P-TiC composite coatings measured

with a thickness gauge meter.

Coatings Composition Average coating thickness
Ni-P 17 pm + 2
Ni-P 0.5g/L TiC 17 ym + 2
Ni-P 1.0g/L TiC 17.4 um + 2
Ni-P 1.5g/L TiC 17.2 pm + 2
Ni-P 2.0g/L TiC 17.6 pm + 2

The co-deposition mechanism of various reinforcements in the Ni-P matrix has been
proposed by many researchers. Guglielmi [53] proposed a model containing two steps
in which firstly, particles adsorb weakly on the cathode surface by Van der Waals forces
and then, during the second stage, strong adsorption by coulombic forces. This model
fails to account for particle size and hydrodynamics of the deposition. Bercot et al. [54]
formulated a corrective factor to this model for accounting for magnetic stirring in their
study, whereas Bahadormanesh and Dolati modified Guglielmi’s model for the
deposition of a high-volume percentage of the second phase and carried out a
parametric study [55]. Moreover, Fransaer et al. devised a trajectory model in which
they presented an analysis of various forces on a spherical particle in a rotating disk
electrode system [56]. According to Ceils et al. [57], the electrodeposition mechanism
may consist of five steps; (i), formation of an ionic cloud around the reinforcement

particles, (ii) movement of reinforcement particles by forced convection towards the
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hydrodynamic layer of the cathode, (iii) diffusion of the particle through double layer,
(iv) adsorption of the particle along with the ionic cloud at the cathode surface and (v)
reduction of the ionic cloud leading to an irreversible entrapment of reinforcement
particles in the metal matrix. As per the above discussion, it seems there are mainly
three steps involved in the co-deposition of the reinforcement particles, such as TiC
during the electrodeposition process; (i) movement of particles from bulk electrolyte to
hydrodynamic boundary layer of the cathode which are governed by a combination of
forced convection and electrophoresis, (ii) diffusion and adsorption of particles at the
cathode due to VVan der Waal forces, and (iii) permanent incorporation of particles due
to the reduction of ionic cloud around the reinforced particle. This three-step

phenomenon can be described in the schematic diagram in (Figure (5)).
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Figure 5. Schematic diagram for the co-deposition of TiC particles at the cathode

(substrate) to form Ni-P-TiC composite coatings.

The co-electrodeposited of TiC in the Ni-P matrix was further evaluated with EDS
analysis. The EDS analysis of Ni-P and Ni-P-TiC composite coatings containing
various concentrations of TiC particles is presented in Figure 6 (a-f). The elemental

mapping of Ni-P /TiC composite coatings is shown as an inset of Figure 6. The presence
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of titanium (Ti), carbon (C), Phosphorus (P), and nickel (Ni) confirm the incorporation
of TiC particles into the Ni-P matrix. Table 5 shows the weight percentage of various
elements in the as-prepared composite coatings. As for Ni-P coating, nickel constitutes
almost 89.51 wt.%, and the remaining is balanced by phosphorus. Introduction and
increase of the concentration of TiC powder in the chemical bath do affect the
concentration of nickel in the deposit, which appreciably decreases without significant
effect over the phosphorus content, which remains around ten wt.% in all the coatings.
The titanium content in the deposits increases from 0.39 wt.% to 0.84 wt.% when the
concentration in the chemical bath is increased from 0.5g/L to 2.0g/L. However, the
excessive weight percentage of carbon can be attributed to the combination of various
effects such as the presence of carbon in the titanium carbide compound, impurities
related to the environment and surface preparation for the microscopic analysis. The
incorporation of TiC particles can be inferred from the titanium peaks in the EDS plot
of 0.5,1.0,1.5 2.0 g/L and a cross-section of 1.5¢g/L of TiC. Peaks of iron are also
observed in the cross-sectional EDS analysis which can be ascribed to the steel
substrate. Further, corresponding EDS elemental mapping results shown as an inset of
corresponding compositions depict the clear distribution of Ni, P, and TiC particles in

the Ni-P matrix.
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Figure 6. EDS analysis along with elemental mapping of Ni-P (a) and various

compositions of Ni-P-TiC composite coatings; (b) 0.5g/L (c) 1.0g/L (d) 1.5g/L

(e)2.0g/L and (f) cross-section of 1.5g/L of Ni-P-TiC composite coatings.

Table 4. EDS quantitative analysis of Ni-P and Ni-P-TiC composite coatings.

S. Sample Ni P Ti (wt.%) C (wt.%)
No Designation (wt.%) (wt.%)

1 Ni-P 89.51 10.49 - -

2 Ni-P-0.5g/L TiC 73.47 9.94 0.39 16.2

3 Ni-P-1.0 g/L TiC 69.74 9.82 0.64 19.8

4 Ni-P-1.5g/L TiC 66.19 10.52 0.79 22.5

5 Ni-P-2.0 g/L TiC 66.58 9.68 0.84 22.9

23



In order to further investigate the microstructural properties of the deposit, high
resolution transmission electron microscopy analysis was carried out for the Ni-P-
2.0g/L TiC. Figure 7 shows the TEM bright-field micrographs of electrodeposited Ni-
P-2.0g/L TiC composite coating at various magnifications. All the images clearly reveal
the presence of a separate second phase of TiC particles within the Ni-P matrix. Figure
7(a) presents a low magnification micrograph of the composite coating. The excessive
darkness is due to the thickness of the coating deposited on the copper grit for TEM
analysis. Figure(7 b) is the enlarged image at the marked location (B) in Figure7 (a)
presenting the amorphous structure of the composite coating with the lighter region
corresponding to the nickel lattice formation, as also reported by Huang et al. in their
exhaustive study of microstructure in the Ni-P coating [58]. An irregular dark network
is observed in Figure 7(b), which is prevalent to the mid-high phosphorus content
within the electrodeposited composite coatings as previously reported [58, 59]. Figure
7(c) is the micrograph at very high magnification presenting the cubical polygonal
structure of the reinforced titanium carbide embedded in the Ni-P matrix. The matrix-
reinforcement interface can be clearly distinguished as comparatively sharp contrast
can be identified in the micrographs. According to the literature, titanium carbide

particles are reported to have a regular polygonal cubical structure [60].
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Figure 7. TEM micrographs of Ni-P-2.0g/L TiC at a various magnification of (a)high
magnification (b)magnified portion marked (B) in (a) and (c) showing an interface of

the Ni-P matrix and TiC reinforcement.

FE-SEM images could not accurately provide evidence of aggregation or
agglomeration of TiC particles during the fabrication of the Ni-P-2.0g/L TiC composite
coating. TEM analysis further confirms the agglomeration or aggregation of the cubical
polygonal TiC particles, which are visible in Figure 8 for the Ni-P-2.0g/L TiC.
Agglomeration of the particles in composite coatings has been confirmed through TEM

micrograph as reported in the literature [59, 61].
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Figure 8. TEM micrograph of Ni-P-2.0g/L TiC presenting the agglomeration of the

particles in the Ni-P matrix.

The surface topography of the electrodeposited Ni-P and Ni-P-TiC composite coatings
was investigated through atomic force microscopy (AFM). Three-dimensional images
of Ni-P and Ni-P/TiC composite coatings with the various compositions of TiC
particles are presented in Figure 9 (a-e). It is observed that the Ni-P coatings indicate a
relatively smooth surface when compared with the Ni-P-TiC composite coatings. The
Ni-P-TiC composite coatings' surface is composed of valleys and intrusions due
presence of TiC particles into the Ni-P matrix that provides a rougher texture. The
quantitative analysis of surface topography indicates that the addition of TiC particles
into the Ni-P matrix has resulted in an increase in the surface roughness. The average
surface roughness (Ra) increases with the increasing amount of TiC particles, and the
average value increased from 6.786nm (Ni-P coatings) to 33.014nm (Ni-P/TiC-2.0

g/L), contributing five times enhancement in the surface roughness. Moreover, Rq (
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root mean square value of the roughness) is also presented, which shows a similar trend
as the average roughness as presented in Figure 9. Furthermore, Rz values also display
a similar increasing trend from 18.6nm roughness of Ni-P coating to the successive
increase up to 53.8nm, 58.5nm, 70.2nm and 77.6nm for the increase in the
concentration of TiC particles of 0.5¢/L, 1.0g/L, 1.5g/L and 2.0g/L in the chemical bath.
The increase in the surface roughness with an increasing amount of TiC particles can
be attributed to the presence of insoluble and hard ceramic particles, which provides
jerks and barriers to the free movement of the AFM cantilever tip. These findings are

consistent with the previous studies [24, 28].
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Figure 9. 3D-AFM micrograph along with their corresponding surface roughness
profiles of the (a) Ni-P, Ni-P-TiC composite coatings (b) 0.5¢/L, (c)1.0g/L, (d) 1.5¢/L,

and (e) 2.0g/L of TiC particles.

3.1.3 Mechanical Properties

Vickers microhardness results of Ni-P and Ni-P-TiC composite coatings are presented
in Figure 10. As seen, Ni-P coating's hardness value is around 500HV, which increases
to ~530HV and ~550HV on the incorporation of 0.5g/L and 1g/L of the TiC particles,
respectively. The hardness value reaches its maximum value of ~593HV at the
composition of 1.5g/L. The increase in the hardness is about 19%, which can be

attributed to the dispersion hardening effect and improvement in the load-bearing
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characteristics of the matrix due to the formation of a composite structure, aligned to
previously reported literature [62, 63]. After reaching its terminal value, the
microhardness decreases with further increase in TiC particles, and it decreases to
~550HV at 2.0g/L. A decrease in the hardness value at 2.0 g/L can be attributed to the
excessive aggregation of the TiC particles in the Ni-P matrix, which impairs the load-
bearing properties of the Ni-P/TiC composite coatings. This observation is also

consistent with previous reports[64].
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Figure 10. Vickers microhardness of Ni-P and Ni-P-TiC composite coatings containing

various concentrations of TiC particles.

The indentation tests of the Ni-P and Ni-P-TiC composite coatings were performed to
have an insight into the mechanical response of the developed coatings. The
loading/unloading indentation profiles of Ni-P and Ni-P-TiC composite coatings
containing various concentrations of TiC particles are presented in Figure 11. A
gradual decrease in indentation depth with an increasing amount of TiC particles in the

29



Ni-P matrix is evident in Figure 11(a). The Ni-P coatings demonstrate an indentation
depth of ~ 50nm, which reduces to 23.67nm at the composition of 1.5g/L of TiC. The
decrease in depth is due to the enhancement in hardness of the coatings, which is
directly associated with the dispersion hardening effect and improvement in the load-
bearing properties, as explained previously. It can be further noticed that there is a
decrease in indentation depth of ~7 nm at the terminal composition (2.0 g/L TiC). This
is because of the fact that an excessive amount of reinforcement accumulates in the
matrix and thus harms the mechanical properties are in agreement with previous studies
[65, 66]. The maximum decrease in the indentation depth is observed at 1.5¢g/L of TiC
due to the uniform distribution of the reinforcing phase in the matrix without any
significant agglomeration. The loading/unloading curves are uniform without any
kinks, suggesting that the synthesized coatings are free of cracks and pores. For a more
accurate comparison, a quantitative analysis of the indentation results obtained through
the Oliver and Pharr technique is also represented in Figure 11(b). It can be noticed that
the hardness of Ni-P coatings is 4.96 GPa, which increases with increasing
concentration of TiC particles in the Ni-P matrix, reaching its terminal value of 5.98
GPa at the composition of 1.5 g/L. Further increase of TiC particles concentration in
the Ni-P matrix decreases hardness, and it attains a value of 5.52 GPa at the TiC
composition of 2.0 g/L. This result further supports the observation that incorporation
of ceramic TiC increases the hardness of the NiP matrix, in good agreement with the
literature [23, 28]. The decrease in the hardness for 2.0g/L can be due to the
agglomeration of TiC particles in the Ni-P matrix. The nanoindentation results are in

agreement with the Vickers microhardness test results.
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Figure 11. Nanoindentation results of Ni-P and Ni-P-TiC composite coatings
containing various concentrations of TiC particles; (a) loading/unloading profiles and

(b) hardness.

3.1.4 Corrosion Assessment

The corrosion resistance of the coatings was studied through electrochemical
impedance spectroscopy (EIS) and potentiodynamic polarization techniques. The EIS
plots (Bode plots) of the substrate (carbon steel), NiP, and NiP-TiC composite coatings
containing various concentrations of TiC are presented in Figures 12 (a, b).
Experimental data were fitted using an equivalent circuit based on a modified Randle
circuit. It is composed of two-time constants in cascade assigned to the composite
coatings and metal-coating interface exposed at the bottom of conductive paths, as
presented in Figure 13 (a, b). The various elements in the circuit account for Rs -
electrolyte resistance, Rpo - pore resistance, Rct - polarization resistance, and constant
phase elements (CPE1 and CPE2) instead of capacitors to account for surface
inhomogeneity. The constant phase elements can be calculated by the following

equation[28]:
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—= Q)" 1
where Q is the admittance and o is the angular frequency of the alternating signal and
n is the exponent of CPE, which determines the capacitance nature, i.e., when “n”
approaches unity, the CPE approaches to pure capacitance and the element behaves like
an ideal capacitor [28].

Referring to Figure 12, the medium-high-frequency regions of the Bode plot for carbon
steel evidence one time constant, while for the coated samples, there is a broadening of
the phase angle, suggesting two overlapped time constants — the one associated with
the composite coating and another to the interfacial phenomena at the bottom of pores
formed in the coating. The magnitude plot indicates that the corrosion resistance of the
carbon steel sample is very low ~270 Qcm?, a value that was obtained after fitting the
experimental data using the proposed equivalent circuit (Figure 13 (a)). Ni-P coatings
show an improvement in the impedance value of one order of magnitude, which can be
ascribed to the formation of the hypophosphite layer due to electrochemical reactions
of the salt solution with the surface of Ni-P coating [67, 68]. The inclusion of secondary
phase TiC particles in the Ni-P matrix further changes the impedance response, leading
to the broadening of the phase angle plot. This trend indicates, on the one hand, a more
protective composite coating (shift towards higher frequencies) and, on the other hand,
the presence of other processes (decreased corrosion activity) as previously reported in
the literature [28, 69]. The increased impedance in the composite coatings can be
attributed to the reduction in the number of active corrosion sites due to the occupancy
of inert and corrosion-resistant TiC particles. The Ni-P-0.5g/L TiC showed almost
doubled impedance values compared to a simple Ni-P coated sample (Figure.12). An
increase in the concentration of TiC particles from 0.5g/L up to 2.0g/L has successively

increased the corrosion resistance, and the maximum impedance values for Ni-P-2.0g/L
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TiC reaches 23 kQ cm? showing an improvement of ~92% when compared to Ni-P
coatings. An increase in the pore resistance can be due to the presence of TiC particles
in the pores of the Ni-P matrix that decreases the number of conductive paths and
increases the surface roughness, as observed in AFM results [48]. Improvement in the
polarization resistance can be related to the successive increase in the reinforcement of
TiC particles in the Ni-P matrix, which hinders the electrolyte from reaching the
substrate, decreasing the number of active sites and hence providing additional

protection against corrosion [28, 48, 69].
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Figure 12. (a) Bode plots of the substrate, Ni-P, and Ni-P-TiC composite coatings

containing the magnitude plot and (b) phase angle plot after 2 hours of immersion in

3.5wt% NaCl solution.
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Figure 13. Equivalent electric circuit used for fitting the experimental EIS data for (a)
polished carbon steel used as substrate, (b) Ni-P and Ni-P-TiC composite coatings

containing different concentrations of TiC particles.

Figure 14 (a) depicts the Nyquist plots for carbon steel (substrate), Ni-P and Ni-P-TiC
composite coatings containing various concentrations of TiC particles. Nyquist plots of
Ni-P coatings and Ni-P-TiC composite coatings demonstrate distinct capacitive loops.
The experimental plots for the coated samples were fitted using the two-time constant
equivalent electric circuit described in Figure 13 (b), and the fitting goodness is
represented in Figure 14 in the Nyquist plots. The capacitive loop diameter evidences
a successive increase, confirming the higher corrosion resistance in the presence of TiC
particles. Figure 14 depicts the evolution of the pore resistance and polarization
resistance over time. The incorporation of TiC particles in the Ni-P matrix increases the
pore resistance in the coating and acts as a barrier by that delays electrolyte uptake. The
decrease of the active surface area is responsible for the increase in the polarization
resistance (Rct), as shown in Figure 14 (b). Moreover, increasing the concentration of
TiC particles in the chemical bath leads to a decrease in the active region and, therefore,
increases the corrosion resistance of the composite coatings. The enhancement in the
corrosion resistance of the NiP coating in the presence of various concentrations of TiC

can be enumerated by the combined effect of (i) Inert TiC particles reduce the active
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area in the NiP matrix (ii) TiC particles are assumed to block the pores by filling them
and restricting the diffusion of the CI™ ions towards the metal surface and (iii) double-
layer capacitance reduces. These findings are consistent with the previous studies [28,

48, 69, 70].
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Figure 14: (a) Nyquist plots for carbon steel (substrate) and Ni-P-TiC composite
coatings along with fitted resistance values vs the concentration of TiC particles after
the 2 hours of immersion in 3.5wt% NaCl solution (b) evolution of Rpo and Rct with

the TiC.

The corrosion resistance of the carbon steel, Ni-P, and Ni-P-TiC composite coatings
containing various concentrations of TiC particles was also studied by d.c.
Potentiodynamic polarization employing a scan rate of 0.167mV/sec, as shown in
Figure 15. Electrochemical parameters such as corrosion potential (Ecorr), corrosion
current density (Icorr), anodic Tafel slope (Ba), and cathodic Tafel slope (Bc) were
extrapolated from the fitted curve and tabulated in Table 6. Moreover, the corrosion

protection efficiency (PE %) was calculated from the formula reported [28].
PE% = 1-2 2

l1

where i1 is the current density of the carbon steel and i is the current density of coated
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samples. The maximum value of current density (55.94pA cm) is observed for carbon
steel at a corrosion potential of -533mV, the most cathodic one observed in Figurel5.
The current density decreases to 38.43uA cm™ for the Ni-P coatings and further
decreases with increasing concentrations of TiC particles in the Ni-P matrix. Thus, the
values of current density decrease to 25.62uA cm?, 7.79uA cm?, 6.49pA cm? and
4.91pA cm? for the 0.5 g/L, 1.0 g/L, 1.5g/L, and 2.0g/L TiC composite coatings
respectively. Moreover, the corrosion potential becomes slightly more anodic for the
Ni-P coatings and increases from ~ -372mV to ~ -312 mV with increasing
concentrations of TiC, suggesting a slight inhibition of the anodic activity in the
presence of the TiC particles in the Ni-P matrix. Interestingly, for the TiC
concentrations of 1.0, 1.5 and 2.0 g/L, the anodic current density is independent of the
content of TiC particles and significantly lower compared to the Ni-P coating. This
trend evidences that the anodic activity is reduced in the presence of the TiC particles
(for the 3 highest concentrations). However, the cathodic current density tends to
increase as the concentration of particles increases, approaching the values observed
for the Ni-P coating and steel. This indicates that the cathodic processes, mainly oxygen
reduction, are favoured by the presence of TiC particles. The potentiodynamic
polarization results show that Ni-P coatings had lower corrosion resistance compared
to steel, displaying a corrosion protection efficiency of ~ 31%. In such composite
coatings, corrosion often initiates at grain boundaries of the nodules as a result of the
adsorption of chloride ions. The anodic activity leads to the formation of soluble NiCly,
which can proceed to the formation of pits [71]. The corrosion protection efficiency, a
consequence of the decreased corrosion current density, increases with the increasing
concentration of TiC particles in the Ni-P matrix. The highest corrosion protection

efficiency (~ 90 %) was achieved at a TiC concentration of 2.0 g/L. To conclude, the
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inclusion of TiC particles in the Ni-P alloy matrix has improved the corrosion resistance
as the concentration of TiC particles. On the one hand, the presence of particles inhibits
the anodic reactions, and, on the other hand, it contributes to reducing the number of
active sites for the adsorption of chloride ions on the surface defects such as cracks and
pores. Enhancement in the corrosion resistance by increased concentration of

reinforcement is in good agreement with the literature [28, 72, 73].
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Figure 15. Potentiodynamic profiles of carbon steel, Ni-P and Ni-P-TiC composite

coating with increasing concentration of TiC.
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Table 5. Electrochemical parameters derived from the potentiodynamic polarization
curve of carbon steel, Ni-P, and Ni-P-TiC composite coating containing various

concentration of TiC particles.

Ba Bc icorr(LA

Composition  (V/decade) (V/decade) cm-2) Ecorr (mV) PE%

Carbon steel 0.09617 0.2275 55.94 -534.0

Ni-P 0.3514 0.6088 38.43 -372.0 31.3%
Ni-P 0.5g/L

TiC 0.1059 0.2664 25.62 -361.0 54.2%
Ni-P 1.0g/L

TiC 0.4342 0.2902 7.79 -333.0 86.0%
Ni-P 1.5 g/L

TiC 0.4354 0.2434 6.49 -312.0 88.4%
Ni-P 2.0 g/L

TiC 0.384 0.4246 491 -315.0 91.2%

3.2 Properties of Ni-P-ZrC nanocomposite coatings

3.2.1 Structural and compositional characterization
Structural analysis of the as-prepared Ni-P and Ni-P-ZrC metallic coatings was

investigated using XRD, see Figure 16. The broad peak in the spectra of Ni-P and Ni-
P-ZrC metallic coatings indicates the amorphous structure of the as-prepared coatings.
The peak at 20= 45 represents a face-centred cubic lattice structure of Ni (111) plane,
which has been disturbed by the incorporation of phosphorus atoms resulting in the
entire structure being amorphous, which is consistent with the previous finding [42, 43,
74]. Peaks of ZrC cannot be distinguished in the spectra due to the low concentration

of ZCNPs, and also, the broad peak of amorphous Ni may have shielded the peaks of
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ZCNPs [24, 47]. The broad peak of nickel has sharpened in Ni-P-ZrC nanocomposite
coatings, which could be attributed to the presence of ZCNPs, leading to a shift in the
structure from amorphous to semi-amorphous [42]. However, as a comparison, the

XRD spectrum of ZCNPs shows a well-defined crystalline behavior.
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Figure 16. XRD spectra of ZrC nanoparticles, Ni-P and Ni-P-ZrC nanocomposite
coatings and containing 0.75 g/L ZCNPs.

Figure 17 represent the XPS survey for NiP-0.75ZrC nanocomposite coating and the
presence of ZCNPs in NiP-0.75ZrC nanocomposite coatings was confirmed from XPS
analysis. It can be noticed the presence of the main peaks and the corresponding phases
for the main elements, which correspond to Ni 2p, O 1s, C 1s, Zr 3d and P 2p. it worth
mentioning that the presence of oxygen on the coating surface could be due to the

incorporation with the other elements [75].
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Figure 17. XPS survey spectrum for NiP-0.75ZrC nanocomposite coatings.

The fitted data of individual photoionization and their corresponding chemical states
are presented in Figure. 18. High energy resolution spectra of Nix (Figure. 18 (a))
region contains two distinct ionizations: Nizps2 and Nizpi/2 at 850.9 eV and 868.5 eV in
the metallic state, whereas the peaks of Ni?* at 852.3 eV, 856.6 eV, and 871.7 eV
corresponds to the NiO and/or Ni(OH)2 of Ni 2p32 and Nizp12. However, a higher
intensity peak for nickel proves the presence of metallic nickel. The formation of
Ni(OH). and NiO can be linked to the presence of hydroxyl ions from the aqueous
electrolytic bath and other oxidation phenomena [28, 48]. Moreover, the peaks at 127.4
and 128.3 eV can be assigned to the elemental phosphorous (P) in the bulk of
electrodeposited Ni-P-ZrC nanocomposite coatings, respectively (Figure.18 b). It can
be noticed that the peak at 130.5 eV is due to; (i) the elemental phosphorus
hypophosphite and/or (ii) the intermediate phosphorous ions (P(I) and/or P(IlI))
valence, which are presented in the inner portion of the protective film of the Ni-P
coatings. However, peaks at 133.8eV can be due to the combination of oxides and/or

hydroxides (P20s and/or P-OH) chemical states [28]. Figure. 18c shows the high-
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resolution XPS spectra for Zr 3d. It has been reported that Zr 3d band is composed of

Zr 3ds2 and Zr 3dsz. The Zr 3d peak located at 180.4 and 183.1 clearly confirm the

existence of the ZrC phase on the coating matrix [76, 77].

The XPS spectra for the C 1s show only C-C as a prominent peak at 284.6 eV, as seen

in (Figure. 18d). It worth mentioning that the Zr-C bond is nominated at 282.5 eV

despite the high intensity of the C-C bond, which diminishes the influence of the other

bonds. Moreover, the peak at a binding energy of 284.3 and 285.2 is attributed to sp?

and sp® hybridization of carbon, respectively [78, 79].
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Figure 18. XPS spectra presenting the elemental composition of Ni-P-ZrC

nanocomposite coatings, (a) Ni2p, (b) P2p and (c) Zr (d) metal carbide
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3.2.2 Morphological Analysis

AFM and FESEM were used to explore morphological and topographical
characteristics of the as-prepared metallic coatings. FE-SEM micrographs of Ni-P and
Ni-P-ZrC coatings are depicted in Figure 19(c, d). As seen in the micrographs, Ni-P
coatings Figure. 19(a, c)) have the plain type of structure, which modifies by the
incorporation of ZCNPs. The growth of nodules is observed as a result of introducing
ZCNPs in the chemical bath Figure. 19 (b, d). As for Ni-P coating, plain morphology
is observed, which has changed to nodular by the addition of ZCNPs in the chemical
bath. Nodular structure formation is visible at two distinct magnification for both Ni-P
and Ni-P-ZrC nanocomposite coatings. This can be attributed to the increase in the
number of sites for nucleation of Ni and P ions, which can be deposited on the substrate
because of the large surface area of ZCNPs [24, 52, 80]. Moreover, the surface of as-
prepared coatings is crack-free and pore-free, inferences the good quality of the
developed Ni-P and Ni-P-ZrC nanocomposite coatings. The X-Section of Ni-P-ZrC
nanocomposite coatings is presented in Figure. 19 (e). A smooth, uniform, adhered, and
near to defect-free interface can be noticed between the coatings and the steel substrate.
The coating thickness of ~12.0 pm is achieved under the optimized experimental

conditions.
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Figure 19. FE-SEM micrographs of developed coatings; Ni-P (a & c), Ni-P-ZrC
nanocomposite coatings (b & d), at two different magnifications. A cross-sectional

micrograph (e) of Ni-P- ZrC nanocomposite coatings.

The co-electrodeposited of ZCNPs in the Ni-P matrix was further evaluated using EDX
analysis, see Figure. 6. The presence of Zirconium (Zr), carbon (C), phosphorus (P),
and nickel (Ni) approve the ZCNPs incorporation into the Ni-P coating. The presence
of carbon in excessive weight percentage can be accredited to integrate various effects
such as the presence of carbon in the zirconium carbide compound, impurities related
to the environment, and surface preparation for the microscopic analysis. For more
clarity, the distribution of each element in Ni-P-ZrC nanocomposite coatings is also
provided in Figure. 20 c, revealing the homogenous distribution of ZrC constituents in

the Ni-P coating.
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Figure 20. EDS elemental mapping of Ni-P (a), (b) Ni-P-ZrC nanocomposite coatings,

and (c) detailed elemental mapping.

The composition of Ni-P and Ni-P-ZrC coatings, along with their cross-section, is
provided in Table 7. The presence of nickel and phosphorus is evident in all the coatings
in large percentages. However, a relatively high percentage of carbon can be attributed
to the inference from the substrate and surrounding environmental carbon integrated
along with the presence of carbon from ZCNPs [81]. The presence of iron in the cross-

section is also observed, which is attributed to the carbon steel.
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Table 6. EDS quantitative analysis of Ni-P and Ni-P-ZrC nanocomposite coatings.

Coating Nickel ~ Phosphorus  Zirconium Iron Carbon

composition

Ni-P 88.62% 11.38% - - -

Ni-P- 66.76% 8.18 % 1.69% - 23.92%

0.75g/L ZrC

Cross 26.92% 2.94% 0.64% 50.91% 18.59%
section
Ni-P-

0.75g/L ZrC

Many researchers have proposed the co-deposition process of several reinforcements
within the Ni-P composite system. According to the Guglielmi model [53], particles
first gently adsorb on the cathode surface through VVan der Waals forces and then heavy
adsorption and bonding by Coulomb forces. This model does not account for the size
of the particle and hydrodynamics of the deposition. The correction factor to resolve
for the magnetic stirring was proposed by Bercot et al. [54]. Bahadormanesh and
Dolati improved the original model to account for the significant percentage of the
second phase deposition [55]. Furthermore, Fransaer and co [56] developed a spherical
particle trajectory model in which they listed out different forces on a spherical particle
in arevolving disk electrode device. According to Celis et al. [57], the electrodeposition
process of imparting ferrite reinforcement is said to involve five steps, including (i)
creation of an ionic cloud around the reinforcement particles, ii) migration of

reinforcement particles by induced convection towards the hydrodynamic layer of the
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cathode, iii) diffusion of the particle by a double layer, iv) adsorption of the particle
along with the ionic cloud at the cathode surface and v) reduction of the ionic cloud
contributing to an irreversible entrapment of reinforcement particles in the metal
matrix. According to the above discussion, the electrodeposition process requires the
following steps: the passage of particles from the bulk electrolyte to the hydrodynamic
boundary layer of the cathode. Particles in this layer are attributable to forced
convection and electrophoresis. Particles movement at the cathode due to VVan der Waal
forces, and permanent incorporation of particles due to the reduction of ionic cloud

around the hardened particle. This can be depicted as can be seen in Figure. 21.
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Figure 21. Schematic diagram for the co-deposition of ZrC nanoparticles at the

cathode (substrate) to form Ni-P-ZrC composite coatings.

A comparison of the surface topography of Ni-P and Ni-P-ZrC nanocomposite coating
is displayed in Figure. 22. The incorporation of ZCNPs has enhanced the grain growth
and increased the surface roughness of the coatings which can be observed in the 3D
AFM images, see Figure 22 (a, b). The corresponding roughness profiles of Ni-P and
Ni-P-ZrC metallic coatings are also displayed for a clear comparison; see Figure. 22 (a,
b). The Ra (average roughness) of the Ni-P coating is ~ 7.7 nm, which increases to 11.6
nm on the addition of 0.75 g/L of ZCNPs into the matrix, which can be essentially
ascribed to the existence of insoluble and hard ceramic species into the Ni-P matrix.

Moreover, Rq (RMS roughness) also increases from 10.4 nm to 15.4 nm for the metallic
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coating compared to Ni-P coating, which is coherent with the average roughness.

ZCNPs have boosted the surface roughness of Ni-P coatings [24, 28, 48].
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Figure 22. Three-dimensional AFM micrograph of as-prepared coatings along with

their surface roughness profile; (a) Ni-P and (b), Ni-P-ZrC nanocomposite coatings.

3.2.3 Mechanical Properties

The mechanical properties of the prepared Ni-P and Ni-P-ZrC nanocomposite coatings
were explored by Vickers microhardness testing and nanoindentation techniques.
Microhardness outcomes for Ni-P and Ni-P-ZrC coatings are presented in Figure. 23a.
It can be observed that the incorporation of ZCNPs has resulted in enhancing the
coating hardness proving the classical concept of matrix and reinforcement to improve
their individual properties. The Ni-P coatings demonstrate hardness of ~520 £10 HV 2s,
whereas hardness of Ni-P-ZrC nanocomposite coatings is enhanced to ~580 =15 HV2s
contributing an increase of ~ 12%. This development in the hardness can be credited to
the resistance to deformation offered by high strength ZCNPs by inhibiting the
dislocation movement and restricting the plastic flow of the Ni-P matrix. It can be

considered that a combination of dispersion hardening and construction of the
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composite structure led to the improvement in microhardness [48, 82].
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Figure 23. Mechanical properties of Ni-P and Ni-P-ZrC nanocomposite coatings; (a)
Vickers microhardness and (b) Load indentation depth graph of Ni-P and Ni-P-0.75ZrC

nanocomposite coatings.

Table 7. Derived parameters from load indentation profiles of Ni-P and Ni-P-ZrC

nanocomposite coatings.

Composition Elasticity (GPa)  Stiffness (kN/m)  Hardness (GPa)

Ni-P 14.05 7.49 4.98

Ni-P-ZrC 15.88 7.90 5.75

Mechanical properties of the as-plated coatings were further analyzed through the
nanoindentation technique, and the outcomes are presented in Figure. 23b. It can be
noted that the loading and unloading curve of Ni-P is a relatively larger area than that
of Ni-P-ZrC metallic coatings. The indentation depth of Ni-P coating decreased from
~43.6nm to ~33.1nm by the incorporation of 0.75 g/L of ZCNPs, revealing an
enhancement in the indentation resistance [23, 28, 48]. It is noteworthy that the

deficiency of discontinuity in the nanoindentation plots indicates that the as-
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electroplated nanocomposite coatings contain  minimum defects (porosity,
inhomogeneity, cracks, etc.).

The nanoindentation profiles were utilized for the quantitative investigation of the
hardness of the as-electroplated coatings. For a clear comparison, various parameters
resulting from load vs indentation depth profiles are also e in Table 8. The mechanical
hardness of as-prepared metallic coatings was explored using the Oliver Pharr
technique by applying the Berkovich diamond indenter tip under the maximum 1mN
indentation force. The loading and unloading rate was adjusted at 200 uN/s, whereas
the dwell time of 5 s was set at full load. The hardness of the Ni-P alloy improved from
4.98 GPa to 5.75 GPa upon the incorporation of 0.75 g L™ of ZCNPs. The presence of
ZrC nano species in the Ni-P matrix obstructs the movement of the dislocations leading
to the development of the mechanical properties of the Ni-P-ZrC coating. Similarly,
stiffness of Ni-P-0.75ZrC nanocomposite coating is observed to increase from 7.49 for
Ni-P alloy to 7.90 kN/m, indicating an improvement in the deformation resistance was
owing to the incidence of ZCNPs in the Ni-P matrix within the elastic limit. Moreover,
the modulus of elasticity of Ni-P alloy is boosted from 14.1 GPa to 15.8 GPa by the
incorporation of 0.75 ZCNPs [70].

Figure. 24 displays the coefficient of friction (COF) as a function of time for the
electrodeposited Ni-P and Ni-P-0.75 ZrC coatings. The friction coefficient diminished
from 0.34 for the electrodeposited Ni-P to 0.2 after the incorporation of 0.75 g/L of
ZrC. The COF boosted at the initial stage of the friction time due to contact friction
between the protruding part of the as-electroplated substrates and the stainless-steel
ball. The COF of the metallic Ni-P metallic coating oscillated after 400 sec and
significantly increased to a high value after 800 sec, which could be ascribed to the

coating removed from the substrate resulting from damage (shear) of bonding between
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the counter face asperities and metallic alloy. It is noteworthy that the presence of COF
fluctuation could be divided into a vast and short domain. These fluctuations could be
results from the removal and accumulation of the wear debris [23, 70, 82, 83]. On the
other hand, in the case of Ni-P-ZrC, smooth and constant COF was observed after 200

sec of friction time, which is attributed to the lubrication influence of the nano species.
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Figure 24. Wear test of the as-electrodeposited nanocomposite coatings before and

after the addition of ZrC nanoparticles.

The wear rate (wy) of the metallic Ni-P alloy before and after the incorporation of ZrC
is calculated from the following equation [69].

Wy = % 3
where w is the weight loss (g), | is the sliding distance (m), and L is credited to the
applied load (N). The wear rate (w,) of Ni-P is lessened from ~89 p gm Nt mto 38 p

gm Nt m after the incorporation of ZrC nano species. Moreover, the wear track and

depth of Ni-P alleviated from 456 and 8.1 pum to 295 and 4.4 um as a result of the
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incorporation of 0.75 g/L ZrC nanoparticles, Figure. 25 (c, d).
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Figure 25. SEM of (a) Ni-P and (b) Ni-P-0.75 g/L ZrC after wear test and their

corresponding wear depth profile (c, d), respectively.

Figure. 26 illustrates the SEM of the worn surface of the Ni-P metallic coatings at
higher magnification. It can be observed the formation of fatigue microcracks in Ni-P
metallic coating because of inherent properties, such as low hardness, ductility, an
apparent poor adhesion, and internal stress in the coating matrix. The presence of
grooves or cavities could be credited to the surface removed oxide layers or tribolayers,
contributing to slipping wear by lying among the worn metallic coating and abrasive as
a third body [69]. Accordingly, the wear regime in Ni-P alloy is adhesive. Figure. 26b.
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shows characteristic plowing furrows without any visible microcracks, which is
accredited to the higher hardness value of the nanocomposite coating. The

incorporation of ZrC nanoparticles into NiP exhibits linear wear tracks, indicating an

abrasive wear approach [84].

Figure 26. High magnification SEM of the worn scar of (a) Ni-P and (b) Ni-P/0.75ZrC

nanocomposite coating.

Figure 27a represents the maximum measured depth versus particles speed-dependent
at the same exposure time. It can be noticed that the depth is proportional to the
particles' velocity, indicating higher coating loss at a higher speed. Moreover, the
maximum erosion depth is lessened from 16.3 to 13.5 um with amending 0.75 ZrC to
the coating matrix at 101 m s. In the meantime, Figure 27b depict the volume loss of
NiP and NiP-0.75ZrC nanocomposite coatings at different speed of the erodent
particles. The volume loss rate is derived from the average erosion depth and the
measured eroded area per exposure time. As expected, the NiP-0.75ZrC nanocomposite
coatings have better erosion resistance comparing with the Ni-P coating. Moreover, the
volume loss rate at 19 m s diminished from 1.23 to 0.38 pm3s for Ni-P and NiP-

0.75ZrC nanocomposite coating, respectively, indicating that the damage of the NiP-
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0.75ZrC coating is three times lower than bare coating at low erodent speed.

Meanwhile, the volume loss rate at 101 m s of the erodent particles reduced from 3.7

to 2.9 um? st for NiP and NiP-0.75ZrC coatings, respectively.
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Figure 27. a) Maximum erodent depth and volume loss for the Ni-P and Ni-P-0.75ZrC

nanocomposite coatings at different particles velocity after 30 s of erosion time.

Figure. 28 depicts the optical profilometry of the eroded substrates of the NiP and NiP-

0.75ZrC nanocomposite coatings after 30 s of erosion time at 101 m s, It can be noticed

that the surface roughness for Ni-P coating is lower than the as-synthesized NiP-

0.75ZrC metallic coating after erosion test, as seen in Figure. 28 (a, b). Additionally,

the penetration depth of Ni-P alloy is higher than that of NiP-0.75ZrC nanocomposite

coating, as demonstrated in Figure. 28 (c, d).
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Figure 28. Surface topography of a) Ni-P and b) Ni-P-0.75ZrC after 30 s of erosion

time at 101 m/s of particle velocity.

3.2.4 Corrosion Assessment

EIS is a widely accepted method to study the corrosion resistance of the as-fabricated
coatings. EIS plots of the carbon steel, Ni-P, and Ni-P-0.75 ZrC nanocomposite
coatings are shown in Figure. 29. Experimental data for the substrate were fitted using
the modified version of the Randle cell in which pure capacitor was improvised with
constant phase element to account for the pure capacitance as shown in Figure 30a. For
explaining the corrosion behavior of Ni-P and Ni-P-ZrC nanocomposite coating, their
experimental data were fitted using a two-time constant cascaded electrical equivalent
circuit as shown in Figure. 30b. The electric circuits consist of Rs for the resistance of
the brine solution used for the test, whereas Rpo and Rct account for the pore resistance
and charge transfer resistance of the coat. Constant phase element (CPE:1 And CPE>)

were utilized instead of a pure capacitor to account for the discrepancy at the surface
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and interface of the metallic coating computed from the following equation [48]:

— = Q)" 4

In which Q stands for admittance, o is the angular frequency, and n is the exponent for
the constant phase element, which is responsible for the nature of capacitance such that
closer to unity means pure capacitor.

Bode plot of pure carbon steel substrate and nanocomposite coating is presented in
Figure 29. It can be perceived that the corrosion resistance of the carbon steel sample
is relatively low (260 Q cm?). Ni-P coatings possess more corrosion resistance than
carbon steel as the impedance value of Ni-P coating is 1782.8 Q cm?, which can be
ascribed to the construction of a protective film of hypophosphite as a result of the
electrochemical reaction of salt solution with the Ni-P coating [24, 68]. The
incorporation of secondary phase ZrC nano species in the Ni-P alloy further changed
the impedance response, leading to the broadening of the phase angle plot. It indicates
amore protective composite coating (shift towards higher frequencies) and, on the other
hand, the presence of other processes (decreased corrosion activity) [28, 69, 82]. The
enhancement in the impedance of composite coatings can be attributed to reducing the
active corrosion sites due to the trapping of inert and corrosion-resistant ZrC
nanoparticles. Interestingly, the incorporation of 0.75 g/L of ZrC nanoparticles

increased the Ret value to 8353 Q cm?, which is four times higher than that of Ni-P

alloy.
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Figure 29. (a) Bode plot of the substrate, Ni-P, and Ni-P-0.75g/L-ZrC nanocomposite
coatings containing frequency impedance magnitude curve and (b) frequency phase

angle curve after 2 hours of immersion in 3.5 wt.% NaCl solution

Figure 30. The equivalent electric circuit used for fitting the experimental EIS data for

(a) polished carbon steel, (b) Ni-P and Ni-P-0.75ZrC nanocomposite coatings.

Figure.31 a show the Nyquist plots for carbon steel substrate, Ni-P, and Ni-P-0.75ZrC
metallic coatings. The experimental data were fitted using the two-time constant
equivalent circuit as exhibited in Figure.30 b. The semicircular radius of the Nyquist
curve reveals a successive increase, pointing to high corrosion impedance resulting
from incorporating ZrC nanoparticles. The incorporation of ZrC nano species in the Ni-
P alloy increased the polarization and pore resistance of the as-fabricated coatings, see

Figure. 31 b. Enhancement in the corrosion resistance of the Ni-P alloy as a result of
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reinforcing the inert ZrC nano-species that fill the defects existing in Ni-P matrices such
as pores and micro-cracks, leading to burden the entrance of the hydrated CI species to

reach the carbon steel surface [28, 48, 69].
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Figure 31. (a) Nyquist plot for carbon steel and the as-fabricated metallic coatings Ni-
P and Ni-P-0.75g/L ZrC in 3.5 wt% NaCl solution (b) variation of Rpo and Rct on

carbon steel substrate, Ni-P coatings, and Ni-P-0.75g/LZrC nanocomposite coating.

The corrosion resistance of carbon steel substrate, Ni-P, and Ni-P-ZrC nanocomposite
coatings containing various concentrations of ZrC particles was also studied by Tafel
polarization employing a scan rate of 1 mV s?® as revealed in Figure. 32.
Electrochemical factors such as corrosion current density (lcorr), corrosion potential
(Ecorr), anodic Tafel slope (Ba), and cathodic Tafel slope (Bc) were extrapolated from
the fitted curve and presented in Table 9. Moreover, corrosion protection efficiency (PE

%) was estimated from the following formulation [69] :

PE% = 1-2 5

11
where i1 is the current density of the Ni-P coatings and iz is the current density of coated
samples.

Carbon steel is observed to have the highest current density of 56.9 pA cm2 with an
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electrode potential of 658 mV. However, the maximum value of current density for Ni-
P coating is observed to be 16.5 HA cm? at a potential of 486 mV, showing
development in the corrosion resistance of 71.03%. On the other hand, the incorporation
of 0.75 g/L of ZrC nanoparticles considerably alleviated the icorr to 8.3 HA cm™ with
almost 85.4% development in the corrosion resistance. The improvement can be
associated with the incorporation of ZrC nanoparticles in the Ni-P coating matrix, has
enhanced the corrosion mitigation after the addition of the ZrC nanoparticles by
reducing the number of active positions for the adsorption of chloride ion on the surface

defects of coatings such as cracks and pores [72, 85].
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Figure 32. Tafel profiles of the steel sample, Ni-P and Ni-P-0.75ZrC nanocomposite

coating.

58



Table 8. Electrochemical parameters derived from the Tafel plots of carbon steel, Ni-

P, and Ni-P-0.75g/L ZrC nanocomposite coating.

Ba Bc icorr(MA cm- Ecorr
Composition  (V/decade) (V/decade) 2) (mV) PE%
Carbon steel 0.3148 0.4882 56.86 -658 -
Ni-P 0.1747 0.3237 16.47 -486 71 %
Ni-P 0.75g/L
ZrC 0.4484 0.2756 8.30 -454 85 %
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CHAPTER 4: CONCLUSION AND FUTURE RECOMMENDATION

4.1 Conclusions
Properties and performance of Ni-P coating were successfully modified by
incorporating nanoparticles to obtain Ni-P-X (X=TiC, ZrC) nanocomposite coatings
synthesized through the electrodeposition process. The effect of increased
concentration and nature of reinforcement was thoroughly investigated through the
state-of-the-art facilities. The concentration of reinforcing nanoparticles in the Ni-P
matrix significantly influences the composition, morphological, structural, mechanical,
wear, and corrosion protection properties of the developed nanocomposite coatings.

The salient conclusions from the current thesis can be enumerated as follows:

e Incorporating TiC and ZrC nanoparticles modifies the morphology of pure Ni-P
coatings from fibrous to well-defined nodular geometry due to the heterogeneous
nucleation sites provided by nanoparticles without altering their parent structure.
The increase in concentration improves the nodular structure in both cases.

e All the compositions present a semi-amorphous structure and the presence of
nanoparticles observed in XPS spectra and EDS results.

e Introducing nanoparticles (TiC, ZrC) into the Ni-P matrix leads to alter its
mechanical properties.

e The best mechanical properties are achieved in Ni-P-TiC nanocomposite coatings
at 1.5g/L of TiC providing 19% improvement in microhardness, whereas, in Ni-P-
ZrC nanocomposite coatings, the concentration of 0.75g/L of ZrC is traced out to
be optimum demonstrating 15% improvement in the microhardness of the prepared
coatings.

e The enhancement in the mechanical properties can be attributed to the dispersion
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hardening effect.

e Electrochemical Impedance Spectroscopy (EIS) analysis reveals that corrosion
resistance of Ni-P coatings increases with the introduction and increment of
nanoparticles. Moreover, 2.0 g/L of TiC (26 k Q cm?) has shown more than three
times of improvement than 0.75 g/L ZrC (7.5 kQ cm?) in terms of total impedance
and corrosion resistance.

e The type and concentration of reinforcement have a significant influence in
modifying the mechanical and corrosion resistance properties of Ni-P coatings.

e Asacomparison, Ni-P-TiC nanocomposite coatings at the concentration of 2.0 g/L
of TiC demonstrate better corrosion resistance when compared with all other

compositions of TiC and ZrC studied in the current study.

4.2 Future Recommendation

Extensive experimental research in the Ni-P matrix is to be carried out as compared to
its counterparts, namely Ni-W, Ni-Co and pure Ni coatings. There needs to be a
standardized procedure of characterization and reporting of microhardness and
corrosion results to make it easier for comparison of results from different researchers
around the globe. Small scale college projects must be collaborated to advertise the
technology and attract industries. Parametric study for the optimized bath composition
and its effect on the current density is to be investigated in future work to study the
deposition as well as corrosion mechanism. Literature on the second phase particle in
NiP coatings is still needed research with most of the famous ceramics for break-
through in the field. Hybrid second phase nanocomposite is not investigated by the
research community, which could open the door for the amazing improvement in the

properties. Parametric study concerning the particle size from sub-micron size to nano
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size can be studied, and the shift in the properties can be understood and harnessed for
future research. Modelling and data mining of the present experimental data should be
carried out to predict the lifetime of the coating. Heat treatment of the composite
coatings is another attractive area of investigation in enhancing the properties of
coatings. Finally, it is recommended to perform simulation and modelling of the

mechanical and corrosion behavior of Ni-P-X (X=TiC, ZrC) nanocomposite coatings.
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orrosion is considered to be major challenge faced by oil and gas industry which becomes more disastrous

in heavy operating conditions. In this research, zirconia nanopartides were incorporated in NP mertrix

to study the effect of concentration of ZrQ, particles in the NIP-ZrQ, nanocomposite coatings. Low alloy
steel was used as the substrate and pulse electrodeposition technigue was utilized owing to its advantages over
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coatings with increasing zirconia concentration. The decent mechanical and corrosion resistance properties of
NiP-Zr0, nanocomposite coatings provide an exciting option for their suitability in numerous applications.
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Enhancement of mechanical

and corrosion resistance properties
of electrodeposited Ni-P-TiC
composite coatings

Osama Fayyaz™, Adnan Khan', R. A. Shakoor™, Anwarul Hasan®, Moinuddin M. Yusuf?,
M. F. Mantemor’, Shahid Rasul®, Kashif Khan®, M. R. . Faruque® & Paul C. Okonkowo”

In the present study, the effect of concentration of titanium carbide (TiC) particles on the structural,
mechanical, and electrochemical properties of Ni-P composite coatings was investigated. Various
amounts of TiC particles (0, 0.5, 1.0, 1.5, and 2.0 g L™") were co-electrodeposited in the Ni-P matrix
vnder eptimized conditions and then characterized by employing various technigues. The structural
analysis of prepared coatings indicates uniform, compact, and nodular structured coatings without
any noticeable defects. Vickers microhardness and nanoindentation results demonstrate the increase
in the hardness with an increasing amount of TiC particles attaining its terminal value (5%3HV, ) at the
concentratien of 1.5 g L™. Further increase in the concentration of TiC particles results in a decrease in
hardness, which can be ascribed to their accumulation in the Mi-P matrix. The electrochemical resufts
indicate the improvement in comrosion protection efficiency of ceatings with an increasing amount of
TiC particles reaching to - 92% at 2.0 g L, which can be ascribed to a reduction in the active area of
the Ni-P matrix by the presence of inactive ceramic particles. The favorable structural, mechanical,
and corrosion protection characteristics of Ni-P-TiC composite coatings suggest their potential
applications in many industrial applications.

Corrosion 1s the gradual destruction of metal because of the chemlcal reaction with fts environment. Corrosion
heas a large share in the fallure of eguipment znd loss of production. Corrosion behaves Like a slow polson for the
destrisction of industrizl finished products, machinery, pipelines from onshore to ofshore sttes etc. Corroston
1s the major challenge faced by many Industries nowadays due to various fallures such as fatigue stress InfHation
and creep falure rooting back to corroston®. Corroston of valves in the reverse csmosts system results in equip-
ment fallure!. The loss of containment 1n the onshore pipelines |5 threatened by the cormostve environment®. Ome
of the various corrosion types, sach as pitting, &5 one of the hazardoies forms of corrosion in marne and offshore
structures®. Meardy 10 to 30% of the maintenance budget s spent on corrosion cootrod by the oll refinery plants,
25 deduced by Finggar et al”. Shekar! et 2L* mentsoned the report of MACE, which esttmated the global cost of
corroston to be US$2.5 trillion in 201 3, which was equivalent to 3.4% of the Gross Domestic Prodect (GDEP).
Understanding of corrosion mechantsm has lad to the development of various technigues to prevent and
minimize corroston damages. Surface modification technigues provide a dual benefit of corrosion prevention
znd improvement of the surface properties such as handness, abrasion, wear, Inertness, and erosion, svolding
replacing the bulk of material®. Varlous surface modification techniques like carburizing, nitriding, carbondtrid-
1ng, flame hardening, laser hardening, chemical vapor deposition and physical vapor deposition, etc. have been
reported in the Iterature™. Providing a barrier between the cormoding environment and the base metal with
2 corrosion-Tesistant layer 1s termed as a coating, which 1s primarily applied to prevent the loss of metal The
coating of base metal with a varying thickness can be carried out in various ways'!. Electrodeposition coating
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has gained wide acceptance in academia and industries die to 1ts cost-effectivensss, stmplicity, and capability
to produce expeditious results®-'* It 15 also used in the decorztive sector, and the growth of the electroplating
market 1s ferecasted to reach 1SS 21 billion by 2026

Ni-F coatings have found applications in numerous Industries siech as aerospace, electronics, and automo-
tive due to their good wear resistance, a higher degree of hardness, lower frictlon coefficlent, and interesting
antl-corrostve ressstance’™. A careful selection of coating bath compositson and optimization of electrodepost-
Hlon parameters s vital to achieving the desired properties of Ni-P coating, leading to widening thetr range of
applications'*"". There zre mainly two proposed mechanisms for the formation of Ni-F coatings over 2 substrate
in the respective chemical bath and operating conditions, namely direct and indirect mechanlsms. Among
these two, the latter 1. e. indirect coating mechanism s mainly supported by the majority of the researchers.
More detalls about the mechanism of electrodeposition of Ni-P coztings on the substrates can be glanced In
the review™. Ni-P coatings have the edge over other alloy costings such as Ni-Cu, Ni-Fe, and N1-Co and even
Ni-composttes for the fabrication of microsystems '™, For instance, N1-P-Co coatings are reported to have better
hardness and hebnicity, along with many other appealing charactenistics'™™. Various chemdcal baths consisting
of sulfate, sulfamate, and methencsulfonate have been reported 1n the iterature for obtaining Ni-F coatings®.

Co-depositten of reinforcing particles to enhance MI-P coatings specific properties throwugh composites
formation s 2 leading trend 1n the academic and classical industries™-*. Recently, research in the area of Mi-P
composite coatings is quite common, which has led to the development of some novel composite coating
systems™= . Although the N1-P-X (X =T, 510, Zr), CeD, etc.) composite coatings are grabbing sub-
stantial attentton™-*", the effect of dectrodepostted ttantum carbide (T1C) has not been fully iovestigated 1n
splte of its attractive properties such as high hardness, wear reststance, corrosion resistance and high stability
at elevated temperature™*, The present study deals with the synthests and charactertzation of Ni-P-TiC com-
postte costings developed through conventional electrodeposttion technlques. This work 15 matnly focised on
the electrodeposition which 1s completely different technigue from electroless deposition. Alsa, the chemical
hath modified and the optimized parameters for our study 15 completely different from the previously reported
work. Moreover, our study also constders the effect of increasing the T1C particles (<200 nm) which on one
hand improves the mechanical properties throwgh matrix-reinforcement composite phenomenon and on other
hand improves the corrosion resistance by blocking the active surface area. This further endorses the novelty
of our present study that the effect of warious TIC particles concentrations on the structural, surface, mechani-
c2l, and corrosion-resistant properties of Mi-P coatings have been deeply tnvestigated. The results evidence an
improvement In the mechanical properties and corrosion reslstznce supporting the wse of Wi-P-TIC composite
coatings for onshore and off shore pipelings®, too] fintsh and machining hard surfaces"!, microsystems and
micro engines'™, as 3 replacement for hard chromium costings', and catalytsc coatings for hydrogen evolution
1n water electrolysis® etc.

Material and methods

Materials. Mickd sulphate hexshydrate, nickel chioride hexshydrate, boric actd, orthophosphoric acid, and
sodium hypophosphite were bought from the Sigma Aldrich, Germany. Sedium chiortde and submicron-sized
titantum carbide (THC) powder with an average particle stoe < 200 nm and purity of 99.9% were zlso imported
from Sigma Aldrich.

Sample preparaticn and coatings synthesis.  Thedectrodeposition of Ni-P and Ni-P-T1C composite
coatings was carried out on the mild steel substrate. Firstly, the mild stee] sheet was cut down to the 32 mm
square sheets through sheet metal operation. The mild steel samples were then polished to obtain a mirmor-like
surface with 520 abrasive papers of grit size 120, 220, 320, 500, 800, 1000, and 1200. The substrates were washed
with soap and water before moving to the next shrasive paper. After grinding, the substrates were sonlcated in
the acetome for half an hour One stide of the substrates was covered with insulating tape to avold electrodepost-
tion on bath sides of the substrates. The substrates were activated in 20% HCl solution for shout 45 5, rinsed In
distilled water, and finally put In the coating bath. During the electrodeposition process, the de power supply's
negative electrode was connected to the substrate forming a cathode, and the positive electrode of the power
supply was connected to the mckel sheet to provide an anode. The schematic diagram of the electrodeposition
experimental setup 1s represented in Fig. 1. The nickel sheet (anode) and the substrate (cathode) were placed
parallel and face to face each other at a distance of approximately 30 mm in the costing bath. The optimized
electrodeposition conditions zre tzhalated tn Table 1. Ni-P and Ni-P-TIC composite coatings were developed
at 65 *C+2. The time of the coatings & half an howr from the start of the power supply. The coating bath was
agfitated at 300+ 5 rpm for &0 min before initiating the electrodeposition process to avedd settling down of the
TiC particles. The coating bath was kept agitated during the entire coating process at 300 rpm for uniform dis-
tribution of reinforcing particles into the Ni-P matrix.

Sample characterization.  The thickness of the synthestzed M- and NI-P-TIC composite coztings was
determined by thickness gauge (model BDYSTD-E, USA). Structural characterization of the synthestzed coat-
Ings was carrled out employing X-ray diffractometer (PANalytical, Empyrean, UK) fitted with Cu Ka radiations
with the scanning step of 0.02° In the range of 28 from 107 to 90°. The field emission scanning eectron micro-
scope (FE-SEM-Nova Mano-450, Metherands), atomic force microscopy (AFM-USA) and high-resalutson
transmisslon electron microscope (HRE-TEM FEI : TECMAL G2 FEG 200 kV) were wsed to perform the moar-
phological study. The composttion of the prepared coatings was also determined by X-ray photoelectron spec-
troscopy—XPS (Kratos Analytical Lid, UK) using a monochromatic Al-Ka X-Ray source. The hardness of the
prepared coatings was tested with Vickers microhardness tester (FM-ARS9000, USA). The measurement of the
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Figure 1. Schematic diagram of the electrodeposition process to develop NI-P-T1C composlie coabngs.

rckel sulfate hexarpdroe mOgLt
Mickel Chlorids hexahydrale IsglL”
Baricacd wgL®
Sodium Chioride ISgLs
Phaspharic uad sgL*
Sodium bypophosphile Hmgl™*

TUC particles conceniraSion DOoSgLt, gLl Sg L tand 2 gL
pH 0202
Bath lemperater £512°C
Depastion tme 30 min
Carrenl density 50 midcm?
Bath agitziion 300 rpm

Table 1. Optimized bath composition and parameters for co-electrodeposition of Ni-P-TiC composite
coztings.

microhardness was carried out at 100 gf with the dwell time of 10 5 on the surface of the coatings. The nanoin-
dentation mezsurements were performed employing AFM device MFP-30 Asylum research (USA) equipped
with silicon probe (Al reflex coated Veeco madel-OLTESPA, Olympus; spring constant: 2 Nm™', resonant fre-
quency: 70 kHz). All mezsurements were carred out under ambient conditions wsing standard topography
A air (tapping mode tn the air). The indentation was performed with Berkovich diamond indenter tip with 2
maximum ImN tndentation force (loading and unlozding rate: 200 pM/'s and dwell time at maximum loed: 5 5)
Oltver and Pharr's method was used to find contact penetration from the unloading curves. The electrochemical
impedance spectroscopy (EIS) studies were carred out with Gamry cell In which saturated sihver/silver chlioride
{Ag/AgCl) was wssed as the reference electrode, whereas graphite and prepared cozted samples were employed as
counter and working electrodes, respectively. E1S was measured by AC signal with 10 mV of amplitude within
the frequency range of 10°-10-? Hr at open circult potentizl. Moreover, potentiodynamic studies were carried
out at ambient room temperature with 8 scan rate of 0.167 mV 5 ' after the determination of open circult poten-
tial for more than 10 min of stabilization of complete cell. A constant surface ares of 0.765 cm® of all tested
samples was exposed to 3.5 wi MaCl solution In the entire study®* 243,

Results and discussion

XRD analysis. The structural analysts of the electrodeposited N1-F and NI-P-TIC composite coating was
carried out through XRID and the spectra of NIP and Ni-P-TiC composite coatings containing variows compaosl-
tions of TIC (0, 0.5, 1.0, 1.5, 2 g L) are shown in Fig. 2. The semi-amorphous structure of the coatings can be
dedwoed from the broad peaks in all the cases, and the broed peak located at 28 - 45.5 can be assigned to the NI
{111} plane of face-centered cubic (FCC) struciure. The formation of an amorphous structure can be ascribed
to the lattice distortion experienced by the nickel crystal structure due to the presence of phosphorows stoms,
which hinders the propagation of face-centered cubic oocupancy of nickel atoms*. The amorphous nature of the
coatings has already been reported™ '™ along with nanocrystalline structure as reported in the literature™*.
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Figure 2. XRID specira of Ni-P and MI-P-TIC composite coatings contzining various concentrations of TiC
partides.
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Figure 3. XS spectrz presenting the elemental compesttson of Ni-F/1.5 g L ° TIC composite coatings, (a)
Nip, (b) P2p and {c) TiZp.

The diffraction peaks of the TIC were not observed in the XRD) spectra, probably due to thelr low contents in the
Ni-P matrix Similar results have zlso been reported in the literatiore™

¥PS analysis. The presence of TiC in the NI-P TiC composite coatings was confirmed wsing XP5 analysis.
To avold amy repetition, the fitted dats of indtvidis] photolontzations and their corresponding chemical states
only the 1.5g L' TIC composttion & presented In Fig 3. High energy resolutlon spectra of Mi2p (Fig. 3a) region
contains two distinct fonlzations: N 2p3/2 and NI 2p1/2 at 852.2 eV and 869.9 eV assigned to M1 in the metallic
state, whereas the peaks of Ni** at 853.3 eV, B57.6 eV, and 872.7 eV cormesponds, respectively to the NiO and/or
HA(OH), of NI 2p3/2 and M1 2p1/2. The high intensity peak for ndckel proves the presence of metallic nickel. The
formation of Ni{OH), and N10 can be Iinked to the presence of hydroxyl ton from the agueous electrolytic bath
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Ni-P LSg/LTIC cross-section

Figure 4. FE-SEM micrographs of the Ni-P (a) and Nt-P-TIC compostte coating with various concentrations
of TIC (b,c.d.e). A cross-secttonal micrograph (f) of Ni-P-T1C compostte coatings with 1.5 g L ' of TYC.

NP 17
N-POSL TG 17
NP LOgL TIC 17Apms1
NP LSgL ' TXC 172pms2
N-PZOgL ' TIC 17Apmz1

Table 2. Average thickness of N1-P and N1-P-T1C composite coatings measured with thickness gauge meter.

and other surface oxidatton phenomenon™*#. Concerning the P2p fonization, the peaks at 128.8 and 129.5 eV
can be assigned to the elemental phosphoroas (P) tn the bulk of electrodeposited N1-P-TiC compostte coating,
respectively (Fig. 3b). It can be noticed that the peak &t 130.69 eV 55 due to (1) elemental phosphorus hypophos-
phite and/or (1) intermedtate phosphorous sons (P(I) and/or P(III)) valence which are presented tn the inner
portion of the protective film of the Ni-P coattngs. However, peaks at 132.7 eV can be due to the combination
of oxides and/or hydroxides (P:Os and/or P-OH) chemical states™. The high-resolution spectra of the Ti2p
spectrum were deconvoluted Into three doublet peaks (Fig. i) of titanium carbide, based at 454.9 and 460.8 eV,
titansum oxides at 456.1 and 464.8 eV and TO: at 459.2 and 466.4 ¢V as previously reported **.

Microstructural analysis. The morphology of the Ni-P and Ni-P/TIC composite coatings containing
various concentrations of TiC particles was studted with FE-SEM as specified tn Fig. 4. Ni-P coatings (Fig, 4(a)
does not show the formation of a well-defined nodular structure. A stmilar morphology of Ni-P coatings has
been reported n the Iiterature™*%. On the other hand, FE-SEM micrographs of Ni-P-TiC composite coatings
(Fig. 4b-e) show the compact, nodular morphology without any noticeable defects. The presence of TiC parti-
cles can also be observed In the FE-SEM tmages, espectally at the 2.0 g L * of composition in good agreement
with Iiterature™*, Figure 4f shows the cross-sectton of NI-P-T1iC (1.5 g L ') composite coatings. A smooth and
well-adherent coating, without any apparent defects can be observed, together with an uniform Interface. A
untform coating thickness of ~ 15 um s achleved.

The coating thickness was also measured with the coating gauge meter and presented (n Table 2. It can be
noticed that the coating thickness under all identical conditsons are stmilar, and there are no noticeable changes
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Figure 5. Schematic diagram for the co-deposition of TIC particles at the cathade {substrate) to form MI-P-
T composite costings.

in the thickness. It is worthy of mentioning that the reported values are an average of five readings. A slight
difference in thickness of coatings measured throwgh FE-SEM anzlysis may be due to the surface preparation
required for the test.

Co-deposition mechanism of vartous reinforcements in Mi- P matrix has been proposed by many research-
ers. Gughelmi™ proposed 2 modie] contalning two steps in which firstly, particles adsorb weakly on the cathode
surface by Van der Waals forces and then during the second stage strong adsorption by coulombic forces. This
maodel fals to account for particle stze and hydrodynamics of the deposition. Bercot et 2% formulated a correc-
tive factor 1o this mode] for sccounting for magnetic stirring in thelr study, whereas Behadormanesh and Dolati
mﬂﬁzﬂ&t@eﬁnﬁmﬂdﬂ[mmrdzpmumdammmhmpmufﬂmmdphm and carried out
2 parametric study™. Moreover, Fransaer et zl. devised a trajectory model in which they presented an analysis
of various forces on a spherical particle In a rotating disk electrode system®™. According to Ceils et al.™, the
electrodeposition mechanism may constst of five steps; (1), formatton of an Sontc clowd arcund the retnforce-
ment particles, (11) movement of reinforcement particles by forced convection towards the hydrodynamic Layer
of the cathode, (111} diffision of the particle through double layer, (iv) adsorption of the particle along with the
1onic cloud at the cathode surface and (v) reduction of the tonic choisd leading to an irreversible entrapment of
retnforcement particles in the metal matrix As per the above discussion, It seems there are mainly three steps
imvalved in the co-deposition of the reinforcement particles, such as TIC during the electrodeposition process; (1)
maovement of particles from bulk electrolyte to hydrodynamic boundary Layer of the cathode which are governed
by 2 combination of forced convection and electrophorests, (1) diffusion and adsorption of particles at the cath-
odbe due to Van der Waal forces, and {18) permanent incorporation of particles due to the reduction of lonic clowd
around the retnforced particle. This three-step phenomenon can be described In the schematic diagram in Fig. 5.

The co-electrodeposited of TiC in the Ni-P matrix was further evaluated with EDS analysis. The EDIS analysis
of M1-P and MN1-P-TiC composite coatings contzaining varlous concentrztons of TIC particles, is presented in
Fig. 6a-f The elemental mapping of Ni-P /TIC composite coatings 1s shown as an tnset of Fig. 6. The presence
of titanium (T1), carbon, (), Phosphorus (P, and nickel (M1} confirm the Incorporation of TiC particles into
the Mi-F matrix. Table 3 shows the welght percentage of various elements in the as prepared composite coat-
ings. As for M1-P coating, nickel constitutes Zlmost 89.51 wt.% and the remaining 15 balanced by phosphorus.
Introduction and increase of the concentration of TIC powder in the chemiczl bath does affect the concentra-
tion of nickel in the depostt, which apprectably decreases without significant effiect over the phosphores content
which remains around 10 wi.% in all the coatings. The titanium content in the deposits Increzses from 0.3% to
0.84 wit.% when the concentration in the chemiczl bath 15 Increased from 0.5 to 2.0 g L. However, the excessive
weight percentage of carbon can be attributed to the combination of various effects such as presence of carbon
in the Htanium carbide compound, impierities related to environment and surface preparation for the micro-
scoplc analysis. Incorparation of THC particles can be inferred from the titanlum peaks in the EDE plot of 0.5,
1.0, 1.5, 2.0 g L' and cross-section of 1.5 g L' of TIC. The carbon peak In all the plots can be attributed io the
steel substrate’s carbon composition due o background interference as previously reported by Pouladt et 2™
Peaks of lron are also observed In the cross-sectional EDS analysis which can be ascribed to the stee] substrate.
Further, commesponding ED¥ elemental mapping results shown as an inset of cormesponding compositions deplcts
the clear distribution of My, P, and T1C particles in the NI-P matrix.

In order to further investigate the microsctructural properties of the deposit, high resolution-transmission
electron microscopy znalysis were carred out for the Ni-P-2.0g L' TeC. Figure 7 shows the TEM bright field
micrographs of dlectrodepostted Mi-P-2.0 g L' TiC composite coating at variows magnifications. All the images
clearly reveal the presence of 2 separate second phase of TIC particles within the Ni- P matrix. Figure 7a presents
alow magnification micrograph of the composlite coating, The excessive darkness 1s due to the thickness of the
coating deposited on the copper grit for TEM analysis. Figure 7b s the enlarged image st the marked location
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Figure 6. EDS znalysts along with elemental mapping of N1-P (a) and various compositions of Ni-P-TiC
compostte coatings, (b) 05gL % (c) LogL ' (d) 1.5gL " (e)2.0g L ' and (f) cross-sectionof 1.5g L * of
Ni-P-TIC composite coatings.

Sno | Sample desgnatica Con%)
2 L'nc 162
3 M

N1 L'ne

NI-PLOEL ' TIC

Table 3. EDS quantitative analysis of Ni-P and N1-P-TIC composite coatings.

Figure 7. TEM micrographs of Ni-P-2.0 g L' TiC 2t vartous magnification of {a) high magntfication (b)
magnified portion marked (B) In (a) and (c) showing an interface of the Ni-P matrix and TiC retnforcement.
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Figure 8. TEM micrograph of MI-P-2.0 g L' TiC presenting the agglomeration of the particles in the Ni-P
matrix.

{B) in Fig. 7a presenting the amorphous structure of the composite coating with the Bghter regson cormespand-
ing to the nicke] lattice formation 25 also reporied by Huang et sl in thelr exhaustive study of microstructure
in the NI-P coating™. An irregular dark network & observed in the Flg, 7b which 1s prevalent to the mid-high
phasphorus content within the electrodeposited composite coatings as previously reported ™. Flgure 7c is the
micrograph at very high magnification enting the cublcal polygonal structure of the reinforced titanium
carblde embedded 1n the Ni-P matrix. ]ﬁe matrix-relnforcement interface can be clearly distingulshed as com-
paratively sharp contrast can be ldentified in the mic rng:raphs According to liberature, titznium carbide particles
zre reporied to have regular polygonal cublcal structure®

FE-SEM images could not accurately provide the r:v'.ldl:ncccd'agpl:gannn or agglomeration of TiC particles
diring the fabrication of the Ni-P-2.0 g L' T#C composite coating. TEM analysis further confirms the agghom-
eration or aggregation of the cubical polygonal TIC particles, which are visthle in Fig. 8 for the Ni-P-2og L!
TiC. Agglomerztion of the particles in composite coatings has been confirmed through TEM micrograph as
reparted in literature®!42,

The surface topography of the electrodeposited Ni-F and NI-P-TiC composite coatings was investigated
through stomic force microscopy (AFM). Three-dimensional images of Ni-P and NI-P/TiC composlie coatings
with the various compositions of TIC particles are presented in Fig. %2-e. It 1s observed that the NI-P coatings
indscate a relattvely smooth surface when compared with the Mi-P-TiC compusite coatings. The Ni-P-TiC com-
posite coatings” surface i composed of valleys and Intnstons due presence of TIC particles into the Ni-F matrix
that provides a rougher texture. The quantitattve analysts of surface topography indicates that the additton of TIC
particles into the Ni-P matrix has resulted tn an increase in the surface roughness. The average surface roughness
{Ra) increases with the Increasing amount of TIC particles and the verage value Increzsed from 6786 nm (NI-P
coatings) to 33.014 nm (Ni-PTiC-2.0 g L), contributing five times enhancement in the surface roughness.
Muoreaver, Rg (root mean square value of the rowghness) 1s also presented which shows the similar trend as the
Everage roughness as presented in the Fig. 9. Furthermare, Bz values also displays the stmilar increasing trend
from 18.6 nm roughness of M- P coating to the successive Increase upto 53.8 nm, 58.5 nm, 70.2 nm and 77.6 nm
for the increzse 10 the concentratson of TIC particlesof 0.5 gL', Log L', 1.5 gL " and 2.0 g L * i the chemical
bath. The Increzse In the surface roughness with an Increasing amount of TIC particles can be attributed to the
presence of inseluble and hard ceramic particles, which provides Jerks and barriers to the free movement of the
AFM canttlever tip. These findings are conststent with the previows sbudles™2,

Mechanical properties.  Vickers microfardness.  Vickers microhardness results of Ni-P and NI-P-TiC
composite coatings are presented in Fig. 10. As seen, MI-P coating’s hardness value 15 zround 500HV, which
Increzses to ~ 530 HV and - 550 HV on the Incorporation of 0.5 g L% and 1| g L' of the TiC particles, respec-
tively. The hardness value reaches its maximum vale of ~ 593 HV 2 the composition of 1.5 g L°, The Increase
1n the hardness is about 19%, which can be attributed to the dispersion hardening efect and Improvement In the
load-bearing characteristics of the matrix due to the formation of 2 composite structure, aligned to previosly
reported Hierature™*®. After reaching to 1ts terminal value, the microhardness decreases with further Increase in
TiC particles and It decreases to - 550 HV at 2.0 g L '. A decrease In the hardness value at 2.0 g L' can be attrib-
uted to the excesstve aggregation of the TIC particles in Ni-P matrix, which impatrs the Inad-bearing properties
of the NiI-P/TIC composite coatings. This observatlon 1s also consistent with previous reparts®:.

Manoindentation. The indentation tests of the Ni-F and Mi-P-TiC composlte coatings were performed b
have an insight of the mechanical response of the developed coatings. The loadingfunloading indentation pro-
files of NiI-P and M1-P-TIC composlite coatings containing varlous concentrations of TIC particles are presented
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Figure 9. 3D-AFM micrograph along with their corresponding surface roughness profiles of the (a) NI-F,
Ni-P-TIC composite coattngs (b) 05g L ', {c) 1.0g L ', {d) L5g L', and (e) 2.0 g L ' of TIC particles.

tn Fig 11. A gradual decrease in Indentation depth with an increasing amount of TIC particles in the Ni-P
matrix Is evident tn Fig. 11a. The Ni-P coatings demonstrate an indentation depth of ~ 50 nm, which reduces to
23.67 nm at the composition of 1.5 g L' of TIC. The decrease tn depth 1s due to the enhancement in the hardness
of the coatings, which s directly associated with the disperston hardening effect and improvement in the load-
bearing properties, as explained previously. It can be further noticed that there is a decrease In the indentatson
depth of ~ 7 nm at the terminal composition (2.0 g L * TIC). This 1s because of the fact that an excesstve amount
of retnforcement accumulates in the matrix and thus harms the mechanical properties are in agreement with
previous studies™ . The maxtmum decrease In the tndentztion depth 1s observed & 1.5 g L * of T¥C due to the
untform dsstribution of the retnforcing phase In the matrix without any significant agglomeratton. The loading/
unloading curves are uniform without any kinks, suggesting that the synthestzed coatings are free of cracks
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Figure 10, Vickers microhardness of Wi-P and Ni-P-TIC composite coatings contalning variows
concentrations of TiC particles.
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Figure 11. Nanoindentation results of Mi-P and Ni-P-TiC compasite coatings contalning variows
concentrations of TeC particles; (a) loading/unloading profiles and (b) hardness.

znd pores. For more accurate comparison, 3 quantitative analysts of the indentation results obtained through
Oltver and Pharr technlque 15 also represented in Fig. 11b. It can be noticed that the hardness of Mi-P coatings
15 4.9 (GPa, which Increases with increasing concentration of TIC particles in the Ni-P matrix, resching to its
terminal value of 5.98 (GPa at the composition of 1.5 g L. Further increase of TeC particles concentration in the
Ni-F matrix decreases hardness and 1t attalns a vzlue of 5.52 GPa st the TIC composttion of 2.0 g L', This result
further supports the ohservation that incorporation of ceramic TIC increases the hardness of the NP matrix,
1n good agreement with literatire***. The decrease in the hardness for 2.0 g L' can be due to agglomeration of
TiC particles in the Mi-P matrtx. The nanolndentztion results are in agreement with the Vickers microhardness
test results.

Corrosion behavior

Electrachemical impedance spectroscopy (EIS).  The corrosion resistance of the coatings was studled
throwgh electrochemical impedance spectroscopy (ELS) and potentiodynamic polarization techniques. The EIS
plots {Bode plots) of the substrate (carbon steel), NiF, and NiP-TiC compasite coatings containiTey variows con-
centrations of TIC are presented in Fig. 12ab. Experimental data were fitted using an equivalent clrcult based on
2 modified Randle circudt. It 1s composed of two-time constants in cascade assigned to the composite coatings
znd metal-coating interface exposed at the bottom of conductive paths, as presented in Flg. 13ab. The various
elements in the circult account for: Rs—electrolyte reststance, Rpo—pore reststance, Rot—polarization resist-
znce, and constant phase elements (CPEL and CPEX) instead of capactbors to acoount for surface iInhomogenesty:
The constant phase elements can be calculated by the following equatson™:
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Figure 12. (a) Bode plots of the substrate, Ni1-P, anle—P—TlCcompwtz coatings containing the magnitude
plot and (b) phase angle plot after 2 h of immerston in 3.5wt% NaCl solution.
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used as substrate, (b) Ni-P and N1-P-TiC composite coatings containing ditferent concentrations of

partices.
Qlia)"
ZCPE ()
where Q s the admittance and w 15 the angular frequency of the alternating signal and n s the exponent of CPE
which determines the capacitance nature, Le., when “n” 2pproaches unity, the CPE approaches to pure capacitance
znd the element behaves like 2n tdeal capacttor™.

Referring to Fig 12, the medium-high-frequency regions of the Bode plot for carbon steel evidence one
time constant, while for the coated samples there is a broadening of the phase angle, suggesting two overlapped
time constants—the one associated to the composite coating and another to the interfacial phenomena at the
bottom of pores formed n the coating. The magnitude plot indscates that the corrosion resistance of the car-
bon steel sample 1s very low ~ 270 Q cm®, a value that was obtained after fitting the expertmental data using
the proposed equivalent circutt (Fig. 13a). Ni-P coattngs show an Improvement in the impedance value of one
order of magnitude which can be ascribed to the formation of the hypophosphite layer due to electrochemical
reactsons of the salt solution with the surface of N1-P coating™”". The inclusion of secondary phase TIC particdes
in the N1-P matrix further changes the impedance response, leading to the broadentng of the phase angle plot.
This trend indicates, by the one hand, 2 more protecttve composite coating (shift towards higher frequenctes)
and, on the other hand, the presence of other processes (decreased corroston activity) as previously reported
in Isterature™*, The tncreased tmpedance in the composite coatings can be attributed to the reductson on the
number active corroston sites due to the occupancy of tnert and corroston-reststant TiC particles. The Ni-P-
0.5 g L' TIC showed almost doubled impedance values compared to a stmple N1-P coated sample (Fig. 12).
An Increase In the concentration of TIC particles from 0.5 g L ' up to 2.0 g L * has successtvely Increased the
corroston reststance and the maxtmum impedance values for Ni-P-2.0 g L' T1C reaches 23 k(2 cm? showing
an improvemnent of ~ 92% when compared to Ni-P coatings. An Increase In the pore resistance can be due to
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Figure 14. (a) Nygusst plots for carbon stee] (substrate) and MI-P-T1C composite coatings along with fitted
resistance values ve the concentration of TIC parttdes after the 2 h of immerston in 3.5wi% N2Cl solution (b)
evolution of B, and B, with the TIC particies concentration.

the presence of TIC particles In the pores of Ni-P matrix that decreases the number of conductive paths and
increases the surface roughness & observed in AFM results®. Improvement in the polarization resistance can
e related to the successive Increase in the reinforcement of TIC particles in the Ni-P matrx which hinders the
electrolyie from reaching the substrate, decreasing the number of active sites and hence providing additional
profection against corrasion™ %,

Figure 148 deplcts the Myguist plots for carbon steel (substrate), Ni-F and Ni1-P-TIC composite costings
contzining various concentrations of TeC particles. Nyquist plots of Ni-P coatings and Mi-P-TIC composite
coatings demonstrate distinct capacttive loops. The expertmental plods for the coated samples were ftted using
the two-time constant equivalent electric circult described in Fig. 13b and the fitting goodness is represented
in Fig 14 in the Nyquist plots. The capacttive loop diameter evidences a successive Increase, confirming the
higher corroston resistance In the presence of TIC particles. Figure 14 depicts the evolution of the pore resist-
ance and polarization resistance over time. The Incorporation of TIC particles in the Ni-P matrix increases the
pore resistance In the coating and acts as a barrier by that delays electralyte uptake. The decrease of the active
surface area is responsible for the increase in the palarization resistance (Fict) as shown in Fig. 14b. Moreover,
increasing the concentration of TIC particies in the chemical bath keads to 8 decrease in the active region and,
therefore, Increases the corroston reststance of the compostte coatings. The enhancement in the cormoslon ressst-
znce of the NIP coating In the presence of various concentrations of TIC can be enumerated by the combined
etfect af (1) Inert T1C particles rediwce the active area in the MUP alloy (1) TIC particles are assumed to block the
pores by filllng them and restricting the diffisston of the C1- fons towards the metal surfzce and (#1) dowble-layer
capacltance reduces. These findings are consistent with the previous studses™ >

Potentiodynamic polarization analysis. The corrosson resistance of the carbon steel, Ni-F, and Ni-P-
TiC composlte coatings contalning varous concentrations of T1C particles was also studied by d.c. potentio-
dynamic palarization employing a scan rate of 0.167 mV 5" as shown in Fig. 15. Electrochemical parameters
such as corrosion potential (Ecorr), corrosion current denstty {Ioorr), anodic Tafel shope (Ba), and cathodic Tafel
slope (fic) were extrapolated from the fitted curve and tabulated in Table 4. Moreover, the corrosion protection
efficiency (PE %) was calculated from the formula as reported™.

PE% = |—1whet£ 1, 1s the current density of the carbon steel and 1, &5 the current denstty of coated samples.
‘The maxtmum value of current density (55.94 pA cm-?) Is observed for carbon steel at 2 corroston putzuual
of -533 mV, the most cathodic one observed in Fig. 15. The current density decreases to 38.43 pA cm? for the
Ni-P coatings and further decreases with increasing concentrations of TIC particles in the Ni-P matrix. Thus,
the values of current density decrease to 25.62 pA cm 2, 7.79 ph cm 2, 5.49 pA cm® and 4.91 pA cm-? for the
asgltloglt15gLl ', and 2.0 g L' TeC composite coatings respectively. Moreover, the cormoslon potential,
becomes slightly more anodic for the Ni-P coatings and increases from ~ — 372 mV 1o~ — 312 mV with Increas-
ing concentrations of TIC suggesting a slight Inhibition of the anodic activity in the presence of the TIC particles
in the Mi-P matrix. Interestingly, for the TIC concentrations of 1.0, 1.5 and 2.0 g LY, the anodic current density
15 Independent of the content of TS particles, and ssgnificantly lower compared to the Mi-P coating. This trend
evidences that the anodic activity 1s reduced in the presence of the TiC partidles (for the 3 highest concentrations).
However, the cathodic current density tends to increzse as the concentration of particles increzses, approaching
the values chserved for the NI-P coating and steel. This indicates that the cathodlc processes, malnly oxygen
reduction, are favored by the presence of TiC particles. The potentsodynamic palarization resulis show that NI-P
coatings had lower corroston reststance compared to steel, displaying a corroston protection efficsency of - 31%.
In such composite coatings, corrosion often inftates at graln boundaries of the nodules as result of the adsorp-
tion of chiorde jons. The anodic activity leads to the formatton of saluble NiCl, which can proceed to formation
of pits™. The corrosion protection efficlency, consequence of the decreased corroston current density, Increases
with the Increasing concentration of THC particles in the Mi-P matrix. The highest corrosion protection efficlency
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Figure 15. Potentiodynamic profiles of carbon steel, Mi-P and N1-P-TeC composite coating with Increasing
concentratiom of TIC.
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Table 4. Electrochemical parameters dertved from the potentlodynamic polarization curve of carbon steel,
Mi1-P and Ni-P-TiC composite coating contzining various concentration of TIC particles.

(-- 20%) was achieved at a TIC concentratton of 2.0 g L-'. To conclude, the tnclusion of TiC particles tn the Mi-P
zlloy matrix has improved the commosion resistance 28 the concentration of TeC particles. By the one hand, the
presence of particles inhibits the anodic rezctions and, on the other hand, it contributes to reduce the number of
active sites for the adsorption of chloride 1ons on the surface defects such a5 cracks and pores. Enhancement In
the corroston resistance by increased concentration of reinforcement & in good agreement with 1terature™5-,

Conclusions

M1-P-TIC composite costings containing varoes concentratlons of TiC particles were synthestzed using the
electrodeposition technigue. The amount of TiC particles in the MI-P matrix has a significant influence on its
marphological, structural, mechanscal, and cormoston protection properties. The hardness of Ni-P-TiC compaosite
coatings Increases with 2n Increasing amount of TIC particles in the Mi-F matrix. However, an excessive amount
of TIC particles (2.0 g L") leads to particles agglomeration and this reduction in hardness. Flectrochemscal
studles confirm the Increased the corroslon protection offered by the M1-P coatings with an Increasing amount
of TIC particles. The N1-P-TIC composite coatings demonstrate superfor mechanical and corrosion protection
properties when compared to MI-P coatings suggesting thedr wtilization in many industries such as automobile,
marine, ebectronic, oll, and gas industries.
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The current study reports the structural, mechanical, wear, erosion, and cormosion-
resistant properties of the as-elecirodeposited Mi-P-ZrC nanocomposite coatings. Fora
clear comparison, Mi-P and Ni-P-ZrC namocomposite coatings containing 0.75 gL
zirconium carbide nanoparticle (ZCMPs) were developed through the elecirodeposition
technigue. The synthesized coatings were thoroughly investigated employing various
technigues namely field emission scanning electron microscopy (SEM), energy
dispersive x-ray speciroscopy (EDS), X-ray diffraciion (XDR), atomic force microscopy
[(AFM), microhardness, nancindentation, and electrochemical impedance speciroscopy
(EIS), etc. Successful co-eledrodeposition of ZCMNPs in the as-prepared Mi-P alloy is
attained without any cbservable defects. It is observed that the addition of ZCHPs has
a considerable impact on structural, mechanical, and comosion resistance.
Enhancement in the mechanical properties is observed due to reinforcement of Ni-P
matrix by the ZCNPs, which can be accredited to mainly dispersion hardening
influence. The wear resistance and erosion of the as-prepared metallic coatings were
evaluated, indicating an improvement upen the addition of ZNCPs. Furthermore, the
cormosion protection efficiency ( PE %) of the Mi-P matrix was enhanced by the
incorporation of ZCNPs from 71 to 85.4%. The MNi-P-ZrC nancoomposite coatings:
provide an exciting opfion for their utilization in the automaotive, electronics, asmspace,
oil, and gas industry.
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