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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 
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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. 



  

v 

 

DEDICATION 

 

 

 

 

 

 

This thesis is dedicated to my beloved father Maulana Fayyaz Ahmad Falahi Madani, and 

my mother, Mrs. Sara Inam, for their endless efforts, support, prayers and for being on 

my side all the time. They appreciated, supported and motivated me throughout the 

studies. I believe, without them, it would not be possible to achieve this goal.  

 

  



  

vi 

 

ACKNOWLEDGMENTS 

 I am fortunate to be under the kind supervision of Dr. Anwarul Hasan. His 

exemplary guidance and constant encouragement have been a great influence in my 

research work and course studies. I am indebted to the Department of Mechanical and 

Industrial Engineering, College of Engineering, Qatar University (QU) for providing 

me an opportunity to excel in the important area of synthesis and characterization of 

advanced materials. A debt of gratitude to my co-supervisor Dr. Abdul Shakoor for 

supervising my entire research at the Center for Advanced Materials (CAM), QU, and 

providing full financial support through his awarded grant (IRCC-2020-006). His 

excellent guidance, regular monitoring, and encouragement throughout the research 

made this journey possible. A special thanks to Mr. Adnan Khan for his support 

throughout my research work, specifically in the understanding of electrochemical 

impedance spectroscopy.  

Also, I would like to thank Mr. Moinuddin Yousuf and Mr. Muddasir Nawaz for 

helping me with characterizations whenever I needed assistance. I truly appreciate their 

support and guidance throughout my research.  

I am indebted by gratitude to the world-class facilities and support of CAM at QU, for 

providing me with a chance to carry out my whole research work and various 

characterizations. I am also thankful to the Gas Processing Center (GPC) and Central 

Lab Unit (CLU) for giving me access to their world-class laboratories to conduct my 

research.  

I would like to acknowledge the financial support of the office of the VP for Research 

and Graduate Studies (VPRGS), QU, through International Research Collaboration Co-

Fund - IRCC-2020-006 and student grant- QUST-2-CAM-2019-7. Finally, I would 



  

vii 

 

extend my gratitude to all the members of the Advanced Multifunctional Materials 

(AMFMs) Research Group at CAM, QU, for their great company and technical support. 

 

  



  

viii 

 

 

TABLE OF CONTENTS 

DEDICATION ............................................................................................................... v 

ACKNOWLEDGMENTS ............................................................................................ vi 

LIST OF TABLES ........................................................................................................ xi 

LIST OF FIGURES ..................................................................................................... xii 

ABBREVATION ........................................................................................................ xvi 

Chapter 1: Introduction .................................................................................................. 1 

1.1 Background .......................................................................................................... 1 

1.2 Overview of the State of the Art .......................................................................... 2 

1.3 Missing Point in the Literature ............................................................................. 8 

1.4 Goals and Objectives ............................................................................................ 9 

Chapter 2: Materials and Methods ............................................................................... 10 

2.1 Materials ............................................................................................................. 10 

2.2 Sample Preparation and coatings synthesis ........................................................ 10 

2.3 Characterization of composite coatings ............................................................. 12 

2.3.1 Compositional Characterization .................................................................. 12 

2.3.2 Morphological Analysis .............................................................................. 13 

2.3.3 Mechanical Properties ................................................................................. 13 

2.3.4 Corrosion Assessment ................................................................................. 14 



  

ix 

 

Chapter 3: Results and Discussion ............................................................................... 16 

3.1 Properties of Ni-P-TiC nanocomposite coatings ................................................ 16 

3.1.1 Structural and compositional characterization ............................................ 16 

3.1.2 Morphological Analysis .............................................................................. 18 

3.1.3 Mechanical Properties ................................................................................. 28 

3.1.4 Corrosion Assessment ................................................................................. 31 

3.2 Properties of Ni-P-ZrC nanocomposite coatings ............................................... 38 

3.2.1 Structural and compositional characterization ............................................ 38 

3.2.2 Morphological Analysis .............................................................................. 42 

3.2.3 Mechanical Properties ................................................................................. 47 

3.2.4 Corrosion Assessment ................................................................................. 54 

Chapter 4: Conclusion and Future Recommendation .................................................. 60 

4.1 Conclusions ........................................................................................................ 60 

4.2 Future Recommendation .................................................................................... 61 

APPENDIX A – OUTCOMES OF RESEARCH WORK ........................................... 73 

Publications .............................................................................................................. 73 

Conferences and Posters........................................................................................... 73 

APPENDIX B : POSTER PRESENTATION ............................................................. 74 

APPENDIX C- CONFERENCE 1............................................................................... 75 

APPENDIX D -JOURNAL PUBLICATION 1 ........................................................... 76 



  

x 

 

APPENDIX E – PUBLICATION SUBMITTED ........................................................ 91 

 

  



  

xi 

 

 

LIST OF TABLES 

Table 1. Brief overview of nickel based nanocomposite coatings. DC: Direct Current, 

PC: Pulse Current, PRC:Pulse Reverse Current Electrodeposition techniques. ............ 3 

Table 2. Abrief overview of the nickel phosphorus based nanocomposite coatings. ELS: 

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

Deposition. ..................................................................................................................... 6 

Table 3. Average thickness of Ni-P and Ni-P-TiC composite coatings measured with 

thickness gauge meter. ................................................................................................. 20 

Table 4. EDS quantitative analysis of Ni-P and Ni-P-TiC composite coatings. .......... 23 

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. ..................................................................................... 38 

Table 6. EDS quantitative analysis of Ni-P and Ni-P-ZrC nanocomposite coatings. .. 45 

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

nanocomposite coatings. .............................................................................................. 48 

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

P, and Ni-P-0.75g/L ZrC nanocomposite coating. ....................................................... 59 

  



  

xii 

 

LIST OF FIGURES 

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

composite coatings. ...................................................................................................... 11 

Figure 2. XRD spectra of Ni-P and Ni-P-TiC composite coatings containing various 

concentrations of TiC particles. ................................................................................... 17 

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

composite coatings, (a) Ni2p, (b) P2p and (c) Ti2p ..................................................... 18 

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...................................................................... 19 

Figure 5. Schematic diagram for the co-deposition of TiC particles at the cathode 

(substrate) to form Ni-P-TiC composite coatings. ....................................................... 21 

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. ................ 23 

Figure 7. TEM micrographs of Ni-P-2.0g/L TiC at 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. ...................................................................... 25 

Figure 8. TEM micrograph of Ni-P-2.0g/L TiC presenting the agglomeration of the 

particles in the Ni-P matrix. ......................................................................................... 26 

Figure 9. 3D-AFM micrograph along with their corresponding surface roughness 

profiles of the (a) Ni-P, Ni-P-TiC composite coatings (b) 0.5g/L, (c)1.0g/L, (d) 1.5g/L, 

and (e) 2.0g/L of TiC particles. .................................................................................... 28 

Figure 10. Vickers microhardness of Ni-P and Ni-P-TiC composite coatings containing 



  

xiii 

 

various concentrations of TiC particles. ...................................................................... 29 

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. ................................................................................................................. 31 

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. ................................................................................................. 33 

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. .................................................. 34 

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. ........................................................................................................................ 35 

Figure 15. Potentiodynamic profiles of carbon steel, Ni-P and Ni-P-TiC composite 

coating with increasing concentration of TiC. ............................................................. 37 

Figure 16. XRD spectra of ZrC nanoparticles, Ni-P and Ni-P-ZrC nanocomposite 

coatings and containing 0.75 g/L ZCNPs. ................................................................... 39 

Figure 17. XPS survey spectrum for NiP-0.75ZrC nanocomposite coatings. ............. 40 

Figure 18. XPS spectra presenting the elemental composition of Ni-P-ZrC 

nanocomposite coatings, (a) Ni2p, (b) P2p and (c) Zr (d) metal carbide .................... 41 

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. ............................................... 43 



  

xiv 

 

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

and (c) detailed elemental mapping. ............................................................................ 44 

Figure 21. Schematic diagram for the co-deposition of ZrC nanoparticles at the cathode 

(substrate) to form Ni-P-ZrC composite coatings. ....................................................... 46 

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. 47 

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. .............................................................................................. 48 

Figure 24. Wear test of the as-electrodeposited nanocomposite coatings before and after 

the addition of ZrC nanoparticles. ............................................................................... 50 

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.................................................. 51 

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

nanocomposite coating................................................................................................. 52 

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. ...... 53 

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.............................................................................. 54 

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 ............................. 56 

Figure 30. 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. .............. 56 



  

xv 

 

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. 57 

Figure 32.  Tafel profiles of the steel sample, Ni-P and Ni-P-0.75ZrC nanocomposite 

coating. ......................................................................................................................... 58 

 

 

  



  

xvi 

 

ABBREVATION 

 

XRD   X-Ray Diffraction 

XPS   X-ray photoelectron spectroscopy 

EIS   Electrochemical impedance spectroscopy 

DC   direct current 

PC    pulse current 

PRC   pulse reverse current 

SEM    Scanning electron microscopy 

TEM   transmission electron microscopy 

EDS   energy dispersive spectroscopy 

NACE   National association of corrosion engineers 

GDP   gross domestic product 

TRL   technology readiness level 

AFM   Atomic force microscopy 

  



  

1 

 

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].   



  

2 

 

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 
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of Al2O3 and concluded the improvement in wear resistance of nickel coating [12]. 

Borkar and Sandip reported improvement in microhardness of nickel matrix by Al2O3, 

SiC and ZrO2 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 

Method 

Coating 

Characteristics 

Reference 

Ni Al2O3, SiC,ZrO2 

(nano) 

DC, PC, 

PRC 

Microhardness and 

wear resistance 

Borkar 2011 

[13] 

Ni Al2O3 sub micron PC Wear resistance Chen 2006 [12] 

Ni TiC nano PC Microhardness Kartal 2017 [16] 

Ni CeO2 DC Wear, corrosion and 

oxidation 

Qu 2006 [14] 

Ni None PC Hardness  Qu 2003 [11] 

Ni SiC sub microns DC Wear Walsh 2015 [17] 

Ni ZrO2 PC, PRC Hardness and wear Wang 2005 [18] 

Ni None  DC, PC, 

PRC 

Comparative  Wasekar 2016 

[9] 

Ni CeO2 DC, PC, 

PCU 

Oxidation resistance Xue 2010 [15] 
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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 
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improvement in the wear resistance was observed for TiO2 and MoS2 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 Y2O3 nanoparticles resulted in the enhancement of 

mechanical and corrosion resistance as investigated by Bahgat Radwan and coworkers 

[28]. He and team [29] investigated WS2 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 Al2O3 

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 
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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 Al2O3 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 

Method 

Coating 

Characteristic 

Reference 

Ni-P  Y2O3  DC Mechanical 

and corrosion 

resistance 

Bahgat Radwan 

2018 [28] 

Ni-P  None PC Magnetic 

property 

Dhanapal 2015 

[36] 

Ni-P  Multilayer PC Corrosion 

resistance 

Elias 2016 [35] 
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Matrix  Reinforcement Deposition 

Method 

Coating 

Characteristic 

Reference 

Ni-P  C3N4 ELS Microhardness 

and corrosion 

resistance 

Fayyad 2019 [22] 

Ni-P  TiNi ELS Anti-bacterial 

and corrosion 

resistance 

Fayyad 2019 [23]  

Ni-P  SiC  PRC Hardness and 

tribology 

Hansal 2013 [37] 

Ni-P  WS2 DC Hydrophobic 

and self-

lubricating 

He 2017 [29] 

Ni-P  SiC  PC , DC Tribology Hou 2006 [30] 

Ni-P  None PC Wear and 

hardness 

Hou 2007 [38] 

Ni-P multilayer 

YSZ 

ELS Microhardness, 

corrosion and 

wear resistance 

Luo 2017 [24] 

Ni-P None DC Microhardness, 

corrosion and 

wear resistance 

Nava 2013 [20] 

Ni-P Graphene ELS Hardness and 

wear 

Rana 2019 [25] 
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Matrix  Reinforcement Deposition 

Method 

Coating 

Characteristic 

Reference 

Ni-P TiO2 ELS Wear Saravanan 2020 

[26] 

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

Ni-P SiC  DC Corrosion 

resistance 

Yuan 2009 [31] 

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

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

Ni-P MoS2 ELS Friction and 

wear 

Zou 2006 [27] 

 

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 
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ZrO2, 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: 

• To develop nickel-based nanocomposite coatings by optimizing the parameters 

through electrodeposition technique. 

• To characterize the synthesized nanocomposite coatings through state-of-the-art 

testing facilities of Qatar University. 

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

protection properties of the developed nanocomposite coatings.  
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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% 

HCl 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 

Figure1. 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. 

 

 

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 250 g/L 250 g/L 

Nickel Chloride hexahydrate 15 g/L 15 g/L 

Boric acid 30 g/L 30 g/L 
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Chemical bath and Operating 

conditions 

Bath Ni-P-TiC 

Bath Ni-P-ZrC 

Sodium Chloride 15 g/L 15 g/L 

Phosphoric acid 6 g/L 6 g/L 

Sodium Hypophosphite 20 g/L 20 g/L 

TiC concentration 

0, 0.5g/L, 1 g/L,1.5g/L 

and 2 g/L 

- 

ZrC concentration - 0.75g/L 

pH 2.0 ± 0.2 2.0 ± 0.2 

 Bath temperature 65±2˚C 65±2˚C 

Deposition time 30 minutes 30 minutes 

Current density for TiC  50 mA cm-2 - 

Current density for ZrC - 48 mA cm-2 

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 Kα radiations with 

the scanning step of 0.02˚ in the range of 2θ 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-Kα 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-1, 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: 200µN/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 

(10 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 (Al2O3) is in the 

range of 53-84 µm. 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-1 feed 

rate, then ejected from the nozzle with a velocity range from 19 to 101 m s-1. 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 90o 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 105-10-2 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-1 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 cm2 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 2Ɵ⁓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 eV and 869.9 eV assigned to Ni in 

the metallic state, whereas the peaks of Ni2+ 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)2 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(I) 
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and/or P(III)) 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 (P2O3 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 TiO2 at 459.2 and 466.4 eV as previously reported [49, 50]. 

 

 

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 ⁓15µm is achieved.  

 

 

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 µm ± 2 

Ni-P 0.5g/L TiC 17 µm ± 2 

Ni-P 1.0g/L TiC 17.4 µm ± 2 

Ni-P 1.5g/L TiC 17.2 µm ± 2 

Ni-P 2.0g/L TiC 17.6 µm ± 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 Van 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)). 

 

 

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 1.5g/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. 

No 

Sample 

Designation 

Ni 

(wt.%) 

P 

(wt.%) 

Ti (wt.%) C (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-1.5 g/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 
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 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 0.5g/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) 0.5g/L, (c)1.0g/L, (d) 1.5g/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]. 

 

 

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 
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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 1.5g/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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1

𝑍𝐶𝑃𝐸
= 𝑄(𝑗𝜔)𝑛       1 

where Q is the admittance and ω 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 Ωcm2, 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 kΩ cm2 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].   

 

 

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 Cl− ions towards the metal surface and (iii) double-

layer capacitance reduces. These findings are consistent with the previous studies [28, 

48, 69, 70]. 

 

 

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 (βa), and cathodic Tafel slope (βc) 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-
𝑖2

𝑖1
     2 

where i1 is the current density of the carbon steel and i2 is the current density of coated 
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samples. The maximum value of current density (55.94µA cm-2) is observed for carbon 

steel at a corrosion potential of -533mV, the most cathodic one observed in Figure15. 

The current density decreases to 38.43µA cm-2 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 25.62µA cm-2, 7.79µA cm-2, 6.49µA cm-2  and 

4.91µA cm-2 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 NiCl2, 

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. 

Composition 

βa 

(V/decade) 

βc 

(V/decade) 

icorr(µA 

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 4.91  -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 2θ= 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. 

 

 

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 Ni2p (Figure. 18 (a)) 

region contains two distinct ionizations: Ni2p3/2 and Ni2p1/2 at 850.9 eV and 868.5 eV in 

the metallic state, whereas the peaks of Ni2+ at 852.3 eV, 856.6 eV, and 871.7 eV 

corresponds to the NiO and/or Ni(OH)2 of Ni 2p3/2 and Ni2p1/2. However, a higher 

intensity peak for nickel proves the presence of metallic nickel. The formation of 

Ni(OH)2 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(III)) 

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 (P2O3 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 3d5/2 and Zr 3d3/2. 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 sp2 

and sp3 hybridization of carbon, respectively [78, 79].  

 

 

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 µm 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 

composition 

Nickel Phosphorus Zirconium Iron Carbon 

Ni-P 88.62% 11.38% - - - 

Ni-P-

0.75g/L ZrC 

66.76% 8.18 % 1.69%  - 23.92% 

Cross 

section 

Ni-P-

0.75g/L ZrC 

26.92% 2.94% 0.64% 50.91% 18.59% 

 

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 Van 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 a revolving 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 Van 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. 

 

 

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].  

 

 

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 HV25, 

whereas hardness of Ni-P-ZrC nanocomposite coatings is enhanced to ⁓580 ±15 HV25 

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]. 

 

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 

∼43.6 nm to ∼33.1 nm 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 µN/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-1 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. 

  

 

Figure 24. Wear test of the as-electrodeposited nanocomposite coatings before and 

after the addition of ZrC nanoparticles. 

 

The wear rate (𝑤𝑠) of the metallic Ni-P alloy before and after the incorporation of ZrC 

is calculated from the following equation [69]. 

                                                                       𝑤𝑠 =
𝑤

𝑙.𝐿
                                          3                                                                                                                

where 𝑤 is the weight loss (g), l is the sliding distance (m), and L is credited to the 

applied load (N). The wear rate (𝑤𝑠) of Ni-P is lessened from ⁓89 µ gm N-1 m-1 to 38 µ 

gm N-1 m-1 after the incorporation of ZrC nano species. Moreover, the wear track and 

depth of Ni-P alleviated from 456 and 8.1 µm to 295 and 4.4 µm as a result of the 
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incorporation of 0.75 g/L ZrC nanoparticles, Figure. 25 (c, d). 

 

 

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 µm with amending 0.75 ZrC to 

the coating matrix at 101 m s-1. 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-1 diminished from 1.23 to 0.38 µm3s-1 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-1 of the erodent particles reduced from 3.7 

to 2.9 µm3 s-1 for NiP and NiP-0.75ZrC coatings, respectively.  

 

 

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-1. 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 (CPE1 And CPE2) 

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]:  

                                                             
1

𝑍𝐶𝑃𝐸
= 𝑄(𝑗𝜔)𝑛                                      4                                                              

In which Q stands for admittance, ω 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 Ω cm2). Ni-P coatings possess more corrosion resistance than 

carbon steel as the impedance value of Ni-P coating is 1782.8 Ω cm2, 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 

a more 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 Rct value to 8353 Ω cm2, 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 Cl- species to 

reach the carbon steel surface [28, 48, 69]. 

 

 

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-1 as revealed in Figure. 32. 

Electrochemical factors such as corrosion current density (Icorr),  corrosion potential 

(Ecorr), anodic Tafel slope (βa), and cathodic Tafel slope (βc) 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-
𝑖2

𝑖1
                                                      5                                                                     

where i1 is the current density of the Ni-P coatings and i2 is the current density of coated 

samples.  

Carbon steel is observed to have the highest current density of 56.9 µA cm-2 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 µA cm-2 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 µA cm-2 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].  

 

 

Figure 32.  Tafel profiles of the steel sample, Ni-P and Ni-P-0.75ZrC nanocomposite 

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

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

Composition 

βa 

(V/decade) 

βc 

(V/decade) 

icorr(µA cm-

2) 

Ecorr 

(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: 

• 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. 

• All the compositions present a semi-amorphous structure and the presence of 

nanoparticles observed in XPS spectra and EDS results. 

• Introducing nanoparticles (TiC, ZrC) into the Ni-P matrix leads to alter its 

mechanical properties.  

• 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. 

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

• 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 Ω cm2) has shown more than three 

times of improvement than 0.75 g/L ZrC (7.5 kΩ cm2) in terms of total impedance 

and corrosion resistance.  

• The type and concentration of reinforcement have a significant influence in 

modifying the mechanical and corrosion resistance properties of Ni-P coatings. 

• As a comparison, 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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